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ABSTRACT 
 
 
Nitrogen (N) is an important macroelement for promoting crop growth and 
development, and is essential for increased grain yield. However, less than half of 
the N fertilizer applied goes into the grain, and excess N goes back into the 
environment.  Developing maize hybrids with improved nitrogen use efficiency 
(NUE) can help minimize N losses, and in turn reduce adverse ecological, 
economical, and health consequences.  The root system plays a major role in the 
acquisition of N, as well as water and nutrients; thus, selecting for root architecture 
traits ideal for N uptake might help improve NUE in maize. This project made use of 
doubled haploid (DH) lines that were developed from a single backcross (BC1) 
generation between landraces from the Germplasm Enhancement of Maize (GEM) 
project and two inbred lines (PHB47, PHZ51) with expired plant variety protection.   
The overall goal of this project was to identify single nucleotide polymorphisms for 
genes affecting seedling root traits and adult agronomic traits in maize, and evaluate 
if these polymorphisms are associated with grain yield in maize under high- and 
low-N conditions.   
 
Molecular profiles of the GEM-BC1DH lines were obtained using 62,077 
genotyping-by-sequencing (GBS) and 7,319 single nucleotide polymorphism (SNP) 
chip markers, respectively. The mean percentages of recurrent parent genotype 
(%RP) were higher than the expected 75%. Monomorphic marker correction was 
done using Bayes’ theorem, with an underlying assumption that the short recurrent 
parent segments are monomorphic markers instead of arising from double 
xii
recombination events. After correction, the mean %RP decreased to 77.78% for GBS 
and 76.9% for SNP chip markers. Pearson correlation for %RP showed close 
correlation (r= 0.92) between the two marker systems. Population structure 
revealed that the GEM-DH lines were grouped into two main groups, which were 
consistent with the established heterotic groups, stiff-stalk and non-stiff-stalk. 
Distribution of GBS and SNP chip markers differed, where GBS markers were more 
evenly distributed compared to SNP chip markers. 
 
Genome-wide association studies  (GWAS) were conducted in the GEM-DH 
panel using 62,077 GBS markers. Using three GWAS models, namely general linear 
model (GLM), mixed linear model (MLM), and Fixed and random model Circulating 
Probability Unification (FarmCPU) model, multiple SNPs associated with seedling 
root traits were detected, some of which were within, or in linkage disequilibrium 
with gene models that showed expression in seedling roots. Trait associations 
involving the SNP S5_152926936 in Chromosome 5 were detected in all three 
models, particularly the trait network area, where this association was significant 
among all three GWAS models. The SNP is within the gene model GRMZM2G021110, 
which is expressed in roots at seedling stage.  Similarly, GWAS for plant height, 
anthesis to silking interval, and grain yield under high and low nitrogen conditions 
from per se and testcross yield trials were conducted. Multiple SNPs associated with 
agronomic traits under high and low nitrogen were detected, some of which were 
within or linked to known genes/QTL.  There were consistencies in some SNPs 
associated with traits under high and low N.  Testcrosses that were performed 
xiii
better than the check hybrid PHB47/PHZ51 were also identified. Weak positive 
correlations were observed between most per se seedling root traits and per se grain 
yield under high and low N conditions.  The GEM-DH panel may be a source of allelic 
diversity for genes controlling seedling root development, as well as agronomic 
traits under contrasting N conditions. 
 
 
1 
CHAPTER ONE 
GENERAL INTRODUCTION 
 
Plant growth and development, as well as increased grain yield are some of 
the important roles of nitrogen (N) in crops. In non-leguminous crops, the 
application of N fertilizers has become an important agronomic practice in order to 
provide enough food supply for the growing human population  (Robertson and 
Vitousek, 2009).  The trend in N use has increased throughout the years. From 
1961-1962 to 2007-2008, N fertilizer consumption increased 8.6 times, from 11.8 
million metric tons N to 100.9 million metric tons N (Heffer and Prud’homme, 
2013). 
 
Only around 25-50% of the N from fertilizers contributes to grain yield in 
crop plants globally (Raun and Johnson, 1999, Tilman et al., 2002). The unutilized N 
results to economic, ecological, and health repercussions. The surplus N that is 
released in the environment costs the European Union between €70 billion (US$100 
billion) and €320 billion annually, which is more than twice the estimated profit 
contributed by N fertilization in European farms (Sutton et al., 2011).  Nitrogen 
leaching into the Mississippi River Basin has been thought to be one of the major 
causes for the expanding hypoxic zone on the Louisiana-Texas shelf of the Gulf of 
Mexico (Goolsby et al., 2000). Fertilizer input and stream export of N are positively 
correlated, and that about 34% of the applied fertilizer N is transported to rivers 
and streams of the Mississippi basin (Raymond et al., 2012). The leaching of nitrates 
2 
and nitrites into the drinking water supply can cause serious health hazards in 
humans, either through direct ingestion, which could cause mutagenicity, 
teratogenicity, birth defects, and various cancers, or indirectly, through shellfish 
poisoning brought about by toxins from algal blooms due to the high amounts of 
nitrate and nitrites (Camargo and Alonso, 2006). In addition, nutrient imbalances 
occur in different degrees in different cropping systems around the world. Nitrogen, 
in particular, was observed to be generally depleted in sub-Saharan Africa, and in 
contrast, in excess in cropping systems in China (Vitousek et al., 2009). 
 
Developing cultivars with improved nitrogen use efficiency (NUE) is one of 
the cost-effective and sustainable approaches to address these problems.  Candidate 
genes for NUE in crop plants have been identified, and these are involved in 
pathways relating to N uptake, assimilation, amino acid biosynthesis, C ⁄ N storage 
and metabolism, signaling and regulation of N metabolism and translocation, 
remobilization and senescence (McAllister et al., 2012). In maize (Zea mays L.), NUE 
is typically measured as the percentage of grain yield reduction under low 
compared to high N levels (Presterl et al., 2003). It is a complex trait in which 
interactions between genetic and environmental factors are involved. There is 
significant genetic variation for NUE in maize, which is an important factor to 
initiate efforts to improve maize NUE using gene- and marker- based strategies. 
Some of the traits that may be associated with NUE include anthesis-silking interval, 
prolificacy, nitrogen nutrition index, leaf area duration, nitrogen harvest index, root 
system and efficiency, and N-metabolism enzymatic traits (Gallais and Coque, 2005). 
3 
 
The root system plays a major role in the acquisition of water and nutrients 
essential for the plant’s survival and growth, hence the importance of root growth 
and development in N uptake. Hammer et al. (2009) found that changes in the root 
system architecture, in addition to water capture, directly affected improved plant 
growth rate, biomass accumulation, and consequently historical yield increases in 
maize.  Selection for better root development could possibly identify maize inbred 
lines with higher grain yield under low N (Abdel-Ghani et al., 2012, Liu et al., 2009). 
Root growth, especially initiation and development of shoot-borne roots, as well as 
the amount of N taken up were found to be coordinated with shoot growth and 
demand for nutrients (Peng et al., 2010). Grain yield was closely associated with 
root system architecture traits in the early developmental stages of maize plants 
(Cai et al., 2012). There is considerable genetic variation for root traits in maize 
(Kumar et al., 2012).  
 
Genetic variation is an important component in developing maize lines with 
improved NUE. While there is evidence that genetic variation is present for NUE and 
traits associated with it, at present, elite germplasm in the U.S. represent a small 
proportion of the total available genetic diversity in maize.  The Germplasm 
Enhancement in Maize (GEM) project of the USDA-ARS involves efforts from 
national and international agencies with the objective of improving maize 
productivity by enhancing the genetic base of commercial maize cultivars through 
4 
evaluating, identifying and introducing useful genes from maize landraces (Salhuana 
and Pollak, 2006).  
 
Exotic germplasm generally contains undesirable traits that should be 
removed or minimized before it can be used effectively in cultivar development. 
Prebreeding consists of the introduction, adaptation, evaluation, and improvement 
of germplasm to be utilized in breeding programs (Hallauer and Carena, 2009). One 
way of prebreeding exotic germplasm is using the doubled haploid (DH) approach. 
Some of the benefits of using DH lines compared to selfing, the conventional method 
of developing inbreds, include: shortened breeding cycle length, complete 
satisfaction of the DUS (distinctness, uniformity, stability) criteria for variety 
protection, reduced expenses related to selfing and maintenance breeding, 
simplified logistics, and better efficiency in marker-assisted selection, gene 
introgression, and gene stacking in lines (Geiger and Gordillo, 2009).  In this study, 
landraces from the GEM program were introgressed into the background of two 
inbred lines with expired plant variety protection (PVP), PHB47 and PHZ51, 
through a single backcross generation, then converted into DH lines. More than 300 
BC1F1-derived DH lines have been developed and being maintained at the North 
Central Regional Plant Introduction Station in Ames, Iowa.  GEM-DH lines have been 
used to screen for cell wall digestibility (CWD), which is important for improving 
silage quality and for lignocellulosic ethanol production, in which promising lines 
with CWD comparable to forage quality lines were identified (Brenner et al., 2012).   
 
5 
The overall goal of this dissertation is to identify single nucleotide 
polymorphisms for genes affecting seedling root traits and adult agronomic traits in 
maize, and evaluate if these polymorphisms are associated grain yield in maize 
under high- and low-N conditions.  The hypothesis of this study is, that exotic maize 
genetic resources are valuable sources of allelic variation on genes affecting root 
traits, which, when identified and isolated, can improve NUE in elite germplasm. 
Thus, the first set of objectives (Chapter 2) of this project is to detect introgression 
of exotic germplasm in the GEM-DH lines having PHB47 or PHZ51 background using 
single nucleotide polymorphism (SNP) markers, and a comparison of genotype-by-
sequencing (GBS) and SNP chip markers. The second set of objectives (Chapters 3 
and 4) is to characterize the root traits of the GEM-DH panel at seedling stage (14 
days old) and find associations between these root traits and the SNP markers, 
where Chapter 3 describes a high-throughput method of phenotyping seedling roots 
using paper rolls, and Chapter 4 is the phenotypic characterization and genome-
wide association study for seedling root traits. The third set of objectives (Chapter 
5) is to evaluate the GEM-DH panel, as well as their testcrosses, for yield, anthesis to 
silking interval (ASI), and plant height under high- and low-N conditions in the field, 
determine the correlations between (a) inbred and testcross performance, and (b) 
root traits at seedling stage and NUE-related traits in the field, and find associations 
between SNP markers and agronomic traits under high and low N conditions.
6 
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CHAPTER TWO 
 
COMPARING GBS AND SNP CHIP MARKERS IN GENOMIC CHARACTERIZATION 
OF DOUBLED HAPLOID EXOTIC LINES IN MAIZE (Zea mays L.) 
 
Darlene L. Sanchez1, Alexander E. Lipka2, Songlin Hu1, Adam E. Vanous1,  
Milena Ouzunova3, Thomas Presterl3, Carsten Knaak3, Michael Blanco4,  
Thomas Lübberstedt1 
 
1Department of Agronomy, Iowa State University, Ames, IA 
2Department of Crop Sciences, University of Illinois, Champaign, IL  
3KWS SAAT AG 37555 Einbeck, Germany   
4US Department of Agriculture-Agricultural Research Service (USDA-ARS), Ames, IA 
 
Corresponding author: Thomas Lübberstedt 
Email: thomasl@iastate.edu 
 
Abstract 
 
The Germplasm Enhancement of Maize (GEM) project of the USDA aims to 
improve maize productivity by enhancing the genetic base of commercial maize 
cultivars. To accelerate the utility of exotic germplasm in maize breeding, doubled 
haploid (DH) lines were developed from a single backcross (BC1) generation 
9 
between landraces from the GEM project (donor parents) and two inbred lines 
(PHB47, PHZ51) with expired plant variety protection (recurrent parents).  A total 
of 323 and 297 GEM-BC1DH lines were genotyped using 62,077 genotyping-by-
sequencing (GBS) and 7,319 single nucleotide polymorphism (SNP) chip markers, 
respectively. The mean percentages of recurrent parent genotype (%RP) of the DH 
lines were 83.64% for GBS and 83.37% for SNP chip markers. The high %RP may be 
due to the inability to distinguish markers that are monomorphic between exotic 
and elite parents, as only the elite parents have genotype information. Monomorphic 
marker correction was done using Bayes’ theorem, with an underlying assumption 
that the short recurrent parent segments are monomorphic markers instead of 
arising from double recombination events. After the correction, the mean %RP 
decreased to 77.78% for GBS and 76.9% for SNP chip markers. Pearson correlation 
was calculated for %RP in lines that were genotyped by both GBS and SNP markers, 
and found very strong correlation (r= 0.92) between the two marker systems. 
Population structure revealed that the GEM-DH lines were grouped into two main 
groups, which were consistent with the established heterotic groups. Distribution of 
GBS and SNP chip markers differed, wherein GBS markers were more evenly 
distributed compared to SNP chip markers. Molecular characterization of the GEM-
DH lines aims to identify regions of donor parent introgression that could be 
sources of novel alleles that confer traits of economic importance, and that 
correction for monomorphic markers would increase the power of detecting 
associations between SNPs and the trait(s) of interest. 
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Introduction 
 
The Germplasm Enhancement in Maize (GEM) project of the USDA involves 
efforts from national and international agencies with the objective of improving 
maize productivity by enhancing the genetic base of commercial maize cultivars 
through evaluating, identifying, and introducing useful genes from maize landraces 
(Salhuana and Pollak, 2006). For instance, sources of resistance to Aspergillus flavus 
ear rot and aflatoxin accumulation were identified among the germplasm coming 
from the GEM program (Henry et al., 2013).    
 
In order to accelerate their utility to maize breeding, landraces from the GEM 
program were introgressed into the background of two inbred lines with expired 
plant variety protection (PVP), PHB47 and PHZ51, through a single backcross 
generation, then converted into doubled haploid (DH) lines. More than 300 BC1F1-
derived doubled haploid lines have been developed and being maintained at the 
North Central Regional Plant Introduction Station in Ames, Iowa.  GEM-DH lines 
have been used to screen for cell wall digestibility (CWD), which is important for 
improving silage quality and for lignocellulosic ethanol production, in which 
promising lines with CWD comparable to forage quality lines were identified 
(Brenner et al., 2012).   
 
Molecular profiling is useful for selecting parents for developing hybrids, 
genetic mapping, and population improvement (Semagn et al., 2012). Genomic 
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profiling of GEM-DH lines using graphical genotyping will help to determine the 
regions of donor parent introgression, particularly for genes/quantitative trait loci 
(QTL) of interest.  A graphical genotype is constructed by transforming genotype 
data in numerical format into a graphic image that is accurate and easy to 
understand. It then shows genomic composition and parental origin of marker 
genotypes across the genome (Young and Tanksley, 1989).  Applications of 
graphical genotypes include: determining whether there are important sites in the 
genome that are essential for growth and development, identifying which particular 
regions in the genome are associated with desirable traits, developing highly 
informative genotyping sets, and tracking the inheritance of specific genomic 
regions using pedigree information or in a set of related lines (Semagn et al., 2007).  
 
Molecular markers based on single nucleotide polymorphisms (SNPs) are 
abundant across the genome. The availability of high-throughput SNP-based 
genotyping platforms makes it possible to generate genotype data with more 
markers and better genome coverage, at a lower cost per sample and per data point. 
Two SNP-based marker systems will be compared in this study, SNP chips using a 
custom Infinium iSelectHD® chip (KWS SAAT AG, Einbeck, Germany) and 
genotyping-by sequencing (GBS) (Elshire et al., 2011).  
 
In spite of the advantages that these two genotyping platforms offer, there 
are also some shortcomings that need to be considered. An important issue in using 
SNP chip markers is ascertainment bias. Ascertainment bias arises when the 
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markers were pre-selected based on allele frequency, polymorphism information 
content, and marker segregation (Albrechsten et al., 2010). In the case of SNP chips 
or arrays, the markers are discovered on a diversity panel and are included on the 
genotyping chip based on the criteria previously mentioned. Thus, these SNPs are of 
higher frequency than random SNPs, which can cause a systemic change from 
theoretical allelic and genotypic frequencies.  Genotyping-by-sequencing (GBS) does 
not have an issue with ascertainment bias as genotyping can be done directly to the 
population of interest (Poland et al., 2012). 
 
GBS has issues with missing allele calls (Poland et al., 2012). With an 
increasing number of lines being multiplexed during sequencing and a decreasing 
number of reads per sample, the frequency of missing allele calls during SNP 
detection is increased. This problem may be solved using two approaches. The first 
is to increase the sequencing depth by either multiplexing fewer samples to produce 
the DNA libraries, or sequencing the libraries several times. This approach requires 
additional time and resources to sequence and analyze more DNA libraries. The 
second approach is to impute the missing allele calls using relationships among 
lines in the population. This is becoming a more favored approach due to massive 
information from data mining offered by the GBS procedure, and is useful for 
populations related by families, such as F2 or recombinant inbred lines, or by 
population structure, such as association panels. However, imputation may not be as 
effective when there is too much missing data, or if the individuals used in the panel 
are unrelated (Bajgain et al., 2016). GBS may also have a limitation in terms of 
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comparing GBS sequences against reference genome sequences. This may lead to 
exclusion of exotic alleles, which, if too different, might be considered as sequencing 
error rather than real sequence, causing a bias against exotic alleles. Moreover, GBS 
requires substantial bioinformatics expertise or computational resources (Bajgain, 
et al., 2016). In contrast, SNP chip markers would only require a proprietary 
program to visualize and analyze the data (Fan et al., 2006). 
 
The objective of this study is to compare GBS and SNP chip marker systems 
in the genomic characterization of GEM-DH lines for the following parameters: (i) 
genomic composition in terms of percentage of donor and recurrent parent, (ii) 
grouping of GEM-DH lines, and (iii) marker distribution in the genome. 
 
Materials and methods 
 
Plant materials 
 
GEM-DH lines were developed following the procedure described by Brenner 
et al. (2012). Briefly, exotic maize landraces from the GEM project were backcrossed 
once to expired PVP lines PHB47 and PHZ51. BC1F1 plants were crossed with the 
inducer hybrid RWS 9 x RWK-76 to produce haploid seed, identified by red 
coloration in the endosperm but not in the embryo. In the next planting season, 
putative haploids were grown in the greenhouse, and subjected to colchicine 
treatment to promote genome doubling using Method II described by Eder and 
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Chalyk (2002), which was developed by Zabirova et al. (1996).  These BC1D0 plants 
were transplanted to the field and selfed to produce BC1D1 (GEM-DH) lines. The 
donor parents used in this study were composed of 74 landraces from Central and 
South America.  
 
SNP genotyping 
 
Leaf samples from 323 GEM-DH lines were collected and freeze-dried at the 
USDA North Central Regional Plant Introduction Station at Ames, Iowa in Summer 
2012, and were sent to the Cornell Institute for Genomic Diversity (IGD) laboratory 
for GBS genotyping.  The lines were genotyped using maize GBS build v. 2.7 
(Glaubitz et al., 2014).  
 
Kernels from 297 GEM-DH lines harvested at ISU Agronomy Farm in Summer 
2012 were sent to KWS for SNP chip genotyping using a custom Infinium 
iSelectHD® chip (KWS SAAT AG, Einbeck, Germany). The SNP chip contains 9,000 of 
the SNPs from the publicly available 50K Genotyping Array (Ganal et al., 2011). 
Some of the DH lines had very low to no seed set; thus, fewer lines were genotyped 
using the SNP chip compared to GBS genotyping.  The recurrent parents PHB47 and 
PHZ51 were also genotyped using these two methods. 
 
Out of the 323 DH lines genotyped using GBS, 184 and 139 lines had PHB47 
and PHZ51 as recurrent parents, respectively. For the 297 DH lines that were 
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genotyped using SNP chip, 167 lines had PHB47 as recurrent parent, while PHZ51 
was the recurrent parent of the remaining 130 lines.  
 
A total of 955,690 GBS markers and 8,523 SNP chip markers were used in 
this study. After filtering out the markers that have more than 25% missing data, 
less than 2.5% minor allele frequency, monomorphic across all DH lines, and, for 
markers in the same genetic position, only one marker was randomly selected, the 
final number of markers used for analysis were 62,077 GBS markers and 7,319 SNP 
chip markers. 
 
Initial genotyping results showed that, for both GBS and SNP chip marker 
systems, the average percentage of recurrent parent was substantially larger than 
the expected 75% and the number of recombination events is more than the 
expected 27.15. Only the recurrent parents and the doubled haploids were 
genotyped in this study. The donor parents were not genotyped because they were 
highly heterozygous and heterogeneous. It is for this reason that the genotype data 
was corrected for monomorphic markers.  
 
The correction was done for monomorphic markers interspersed within 
large donor segments using an algorithm based on Bayes theorem. The underlying 
assumption is, that very short distances of a marker with recurrent parent (RP) 
genotype to flanking markers with donor genotype are more likely due to identity of 
marker alleles for that particular SNP between RP and donor, instead of a rare 
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double recombination event. These short RP segments interspersed within donor 
segments were tested for the null hypothesis that a double recombination occurred, 
and were either corrected or kept as original genotype, accordingly, based on P-
values from the Bayes theorem (Lipka et al., in preparation). 
 
Using a subset of 15 individuals, the thresholds using the monomorphic 
marker probability cut-off and number of intervening RP markers between flanking 
markers were determined.  The probability values, that the intervening 
marker/cluster of markers are monomorphic, that were tested were 0.95, 0.99, 
0.999, 0.9999, and 0.99999, while the number of intervening markers tested was 
between 1 to 8 markers. The number of markers corrected increased while 
increasing the probability threshold from 0.95 to 0.999, then decreased beyond 
0.999. The Bayesian FDR beyond the probability threshold of 0.999 was zero, and 
putative monomorphic markers were not corrected because of the zero threshold. 
In terms of the number of intervening markers, the correction plateaued after 4 
intervening markers, because the distance between the donor markers were long 
enough that the null hypothesis (i.e., a double recombination occurred) was not 
rejected. Therefore, the thresholds set for correction were at 0.999 probability and 
four intervening RP markers. 
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Molecular characterization of BC1-derived DH lines 
 
GBS and SNP chip markers were compared in characterizing the GEM-DH 
panel using the following criteria: recurrent/donor parent composition, distribution 
of markers across the chromosomes in the genome, and population structure. 
 
Physical distance (in base pairs, bp) of the markers were converted to 
genetic distance (in centiMorgans, cM), based on the genetic map of Wei et al. 
(2007), which covers a total of 1808.3 cM. The genetic map is available at MaizeGDB 
(www.maizegdb.org) (Schaeffer et al., 2011). SNPs were converted from nucleotide 
(A/C/G/T) to diploid (AA/AB/BB) format by comparing the genotype of the GEM-
DH line with that of the recurrent parent, where “A” stands for the recurrent parent 
(PHB47 or PHZ51) and “B” represents the donor parent. Using the genetic distance 
for the markers and the diploid format for genotypes, the software Graphical 
GenoTyping, or GGT version 2.0 (Van Berloo, 2008) was used to determine the 
recurrent and donor parent proportions of GEM-DH lines, and the number of 
recombination events.   
 
While all 62,077 GBS and 7,319 SNP chip markers were used to determine 
the parental contributions and the number of recombination events, GGT software 
was unable to render the visual graphical genotypes using all of the GBS data. 
Therefore, for visualization, the GBS markers were further thinned out using the 
software TASSEL (Bradbury et al., 2007) so that they were at least 50 kb apart. A 
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total of 17,262 GBS markers were used to create graphical genotypes, while the 
original number of SNP chip markers were retained. 
 
Statistical analyses were conducted to determine whether GBS and SNP chip 
markers were uniformly distributed over the chromosomes. Following the 
procedure by Vuylsteke et al. (1999), the Kolmogorov-Smirnov test was applied to 
test the null hypothesis:  H0: F(x) = F0(x), where F(x) is the observed distribution 
function of the interval (in cM) between 2 adjacent GBS markers, datasets; and F0(x) 
is the observed distribution function of the interval between 2 adjacent SNP chip 
markers.  The test statistic Dn is defined as the largest difference between F(x) and 
F0(x) (Dn = max(F(x)-F0(x))).  Statistical analyses were done in R (R Core Team, 
2014). 
 
Population structure was estimated using model-based clustering and 
principal component analysis. Model-based clustering was done from a subsample 
of 2,500 randomly-selected SNPs for each marker system using STRUCTURE 
software, version 2.3.4 (Pritchard et al., 2000).  The parameters used to estimate 
membership coefficients of co-ancestry for GEM-DH lines included a burn-in length 
of 50,000 with 50,000 iterations for each cluster (K) from 1–10, with 5 replicates for 
each K. An admixture model with independent allele frequencies was also used. The 
admixture model assumes that the individuals originate from more than one 
population, while independent allele frequencies assume the Hardy-Weinberg 
equilibrium within populations, and complete linkage equilibrium between loci 
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within populations (Pritchard et al., 2000).    The most probable number of K groups 
was selected using the Evanno method (Evanno et al., 2005), which implemented in 
program STRUCTURE HARVESTER (Earl and vonHoldt, 2012).  PCA was calculated 
and visualized using GAPIT (Lipka et al., 2012), using all markers. 
 
Results and discussion 
 
Parental genome contribution 
 
The uncorrected average recurrent parent genome percentage was 83.6% for 
GBS and 83.4% for SNP chip-based markers (Table 2.1, uncorrected).  The average 
number of recombination events was 7939 for GBS and 1064 for SNP chip (Table 
2.2, uncorrected). Because these DH lines were BC1-derived, the expected average 
recurrent parent percentage is 75%, and the expected number of crossovers is 
27.15, therefore the expected number of recombination events is 27.15 or less. We 
suspect that the high values for recurrent parent percentage and number of 
recombination events were mostly due to the presence of monomorphic markers.  
 
Monomorphic marker correction 
 
Monomorphic marker correction was done using Bayes’ theorem, with an 
underlying assumption that very short distances of a marker with recurrent parent 
 Table 2.1.  Mean percentage of recurrent parent genome of the GEM-DH lines with GBS and SNP chip genotyping, before and after 
monomorphic marker correction. 
Marker system/ 
Correction/ 
GBS SNP chip 
Uncorrected Corrected Uncorrected Corrected 
Background/ 
Chromosome PHB47 PHZ51 Overall PHB47 PHZ51 Overall PHB47 PHZ51 Overall PHB47 PHZ51 Overall 
1 82.67 80.16 81.59 80.04 72.97 77.00 81.71 79.85 80.89 76.20 73.93 75.20 
2 84.47 83.03 83.85 78.58 76.55 77.00 83.91 83.40 83.68 77.52 76.72 77.17 
3 84.20 81.99 83.25 78.64 75.15 77.14 83.29 82.92 83.13 76.78 76.80 76.79 
4 85.69 81.00 83.67 80.26 73.80 77.48 84.65 81.67 83.34 78.84 73.92 76.69 
5 86.71 84.20 85.63 80.61 77.52 79.28 85.63 84.40 85.09 78.86 77.06 78.06 
6 81.19 82.22 81.63 76.25 76.39 76.31 82.16 84.69 83.27 75.16 78.11 75.68 
7 84.85 84.31 84.62 78.34 78.01 78.20 83.82 84.81 84.26 76.74 78.29 77.42 
8 84.67 83.50 84.16 79.01 77.44 78.34 82.94 85.04 83.86 76.34 79.14 77.57 
9 84.62 85.43 84.97 78.11 79.65 78.77 82.60 86.17 84.53 76.13 80.24 77.93 
10 84.51 83.94 84.26 78.18 77.91 78.07 82.79 84.67 83.61 75.43 78.71 76.87 
Genome-wide 84.31 82.74 83.64 78.96 76.22 77.78 83.34 83.41 83.37 76.25 76.96 76.90 
 
Table 2.2.  Number of recombination events in GEM-DH lines with GBS and SNP chip genotyping, before and after monomorphic marker 
correction. 
Marker system/ GBS SNP chip 
Correction/ Uncorrected Corrected Uncorrected Corrected 
Background/ 
Chromosome PHB47 PHZ51 Overall PHB47 PHZ51 Overall PHB47 PHZ51 Overall PHB47 PHZ51 Overall 
1 1426 1657 1423 704 916 795 196 228 210 94 119 105 
2 903 970 932 427 461 442 105 113 108 40 43 41 
3 882 974 921 428 452 439 122 129 125 47 54 50 
4 697 911 789 344 439 385 104 134 118 42 48 44 
5 771 875 816 313 360 333 84 99 91 25 34 29 
6 643 701 886 321 360 338 92 94 93 33 36 35 
7 644 627 637 280 277 278 96 93 95 33 34 33 
8 622 661 639 293 289 291 78 80 79 27 31 29 
9 588 575 583 252 266 258 83 78 81 26 30 28 
10 550 511 533 248 232 241 66 62 64 23 24 23 
Genome-wide 7544 8463 7939 3610 4052 3801 1026 1110 1064 390 453 417 
2
0
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(RP) genotype to flanking markers with donor genotype are more likely due to 
identity of marker alleles for that particular SNP between RP and donor, instead of a 
rare double recombination event. These short intervening RP segments within 
donor segments were tested for the null hypothesis that a double recombination 
occurred, and were either corrected or kept as original genotype, accordingly, based 
on P-values from the Bayes theorem (Lipka et al., in preparation). 
 
A subset of 15 individuals from the GEM-DH panel was used to determine the 
thresholds using the probability value cut-off and number of intervening RP 
markers between flanking markers.  The parameters tested were the probability 
values, that the intervening marker/cluster of markers are monomorphic, that were 
tested were 0.95, 0.99, 0.999, 0.9999, and 0.99999, and 1 to 8 intervening RP 
markers. The number of markers corrected increased while increasing the 
probability threshold from 0.95 to 0.999, then decreased beyond 0.999. The 
Bayesian FDR beyond the probability threshold of 0.999 was zero, and putative 
monomorphic markers were not corrected because of the zero threshold. The 
number of markers corrected plateaued after 4 intervening markers, because the 
distance between the donor markers were long enough that the null hypothesis (i.e., 
a double recombination occurred) was not rejected. Based on these results, the 
thresholds set for correction were at 0.999 probability and four intervening RP 
markers. 
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After monomorphic marker correction, the average % RPG was reduced to 
77.8% for GBS and 76.9% for SNP chip data (Table 2.1, corrected). The average 
number of recombination events was also substantially reduced after the correction 
in both cases, from 7939 to 3801 for GBS and from 1064 to 417 for SNP chip (Table 
2.2, corrected). Figure 2.1 shows the graphical genotype of a DH line before and 
after monomorphic marker correction.  
 
We noticed that some of the lines have more than 50% donor parent 
introgression (Figure 2.2), and these were detected by both GBS and SNP chip 
markers. One hundred percent of the DH lines from crosses involving 4 donor 
parents (Cateto Nortista, Cuzco, Puya, Tuxpeño Norteño) have more than 50% 
donor parent. One possible reason is that, in the backcross step, a different 
recurrent parent was used. Around half of the markers were polymorphic between 
PHB47 and PHZ51, and if this scenario would have occurred, the genotype of the 
other recurrent parent may have been scored as donor parent. Another possibility 
was that in making the F1 cross, selfs were produced instead. Overcorrection is also 
a possibility. Removing these lines with high percentage of donor parent would 
result to an average recurrent parent genotype percentage from 77.78% to 83.25% 
with GBS genotyping, and from 76.90% to 83.12% with SNP chip genotyping.  
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a. Uncorrected genotype    b. Corrected genotype 
 
Figure 2.1. Graphical genotype of a doubled-haploid line before (a) and after (b) 
monomorphic marker correction. Blue represents recurrent parent genotype and red 
represents donor parent genotype. 
 
 
 
 
 
a. GBS       b. SNP chip 
 
Figure 2.2.  Percent donor parent genotype in GEM-DH lines after monomorphic marker 
correction. 
 
 
 
 
 
 
24
                       
  
Figure 2.3. Comparison of GEM-DH lines donor parent percentage between GBS and SNP chip 
markers.  
 
Comparison of parental genome composition in GBS and SNP chip markers 
 
There was a close correlation (r=0.92) between GBS and SNP chip in terms of 
donor parent percentage. In Figure 2.3, while the GBS and SNP chip data of most of 
the lines corresponded with each other, the data in some of the lines were 
inconsistent, with high % donor parent in GBS had low % donor parent in the SNP 
chip data, and vice versa.   These lines were ((Comiteco - GUA 515/PHB47 
B)/PHB47)-(2n)-001, (CRISTALINO AMAR AR21004/PHB47)/ PHB47 #005-(2n)-
001, ((Oke - ARG 539/PHB47 B)/PHB47)-(2n)-001, ((Patillo - ECU 417/PHZ51)/ 
PHZ51)-(2n)-001, (PIRA TOL405/PHZ51)/PHZ51 #003-(2n)-001, ((Semi dentado 
paulista - PAG I/PHB47 B)/PHB47)-(2n)-003. The graphical genotypes of these 
inconsistent lines were checked if they were interchanged, but none were observed. 
The GBS and SNP chip genotype data were from different sources, the DNA used for  
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Figure 2.4. Graphical genotypes of 18 GEM-DH lines using (a) GBS, and (b) SNP chip 
genotyping. A (blue) represents recurrent parent genotype, B (red) represents donor parent 
genotype, H (green) represents heterozygous genotype, and U (gray) represents missing data. 
 
 
GBS were from leaf samples collected from the USDA NCRPIS, while the DNA used 
for SNP chip genotyping were from kernels harvested from ISU Agronomy Farm. 
The inconsistencies may have arisen from errors in seed packing, planting, 
pollination, or harvesting.  Removing these lines improved the correlation to 
99.21%.  The detected regions of donor introgression were similar in both GBS and 
SNP chip markers (Figure 2.4). 
 
 
 
a. GBS 
b. SNP chip 
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Table 2.3.  Statistical determination of the distribution of GBS and SNP chip 
markers across the genome.  
Chromosome Number of intervals Dn* 
 GBS SNP chip  
1 9928 1263 0.5229** 
2 7196 744 0.5541** 
3 7029 874 0.5317** 
4 6106 796 0.5406** 
5 7038 690 0.5963** 
6 4974 627 0.5263** 
7 5282 665 0.4850** 
8 5310 587 0.5672** 
9 4919 595 0.5409** 
10 4285 468 0.5487** 
* The test statistic Dn is defined as the largest difference between F(x) and F0(x) (Dn = max(F(x)- F0(x))), where: F(x) 
represents the observed distribution function of the interval (expressed in centiMorgans) between 2 adjacent GBS 
markers; and F0(x) represents the observed distribution function of the interval between 2 adjacent SNP chip markers. 
** Significant at the 0.01 probability level. 
 
Marker distribution 
 
Equal representation of genomic regions and extent of genome coverage are 
a function of the marker distribution across linkage groups (Vuylsteke et al., 1999). 
Distributions of markers across linkage groups were compared between GBS and 
SNP chip markers. The Kolmogorov-Smirnov test was used to test the 
hypothesis that there is no significant difference between GBS and SNP chip 
markers in terms of distribution across chromosomes, or if the GBS and SNP chip 
datasets come from the same distribution. Results showed that the distribution of 
GBS and SNP chip markers across chromosomes are significantly different at P < 
0.01 level (Table 2.3). Figure 2.5 shows the distribution of GBS and SNP chip 
markers in Chromosome 10, which shows that, between 10-15 cM, there was no 
representation of SNP chip markers. 
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Figure 2.5.  Marker distribution of GBS and SNP chip markers in Chromosome 10. 
 
 
Comparison between recurrent parents 
 
Percent recurrent parent were compared between all the GEM-DH lines with 
PHB47 and PHZ51 background, without eliminating those with more than 50% RP.  
With GBS genotyping, the average %RP of PHB47-derived DH lines was 78.96%, 
while for PHZ51, the average was slightly lower with 76.22%. With SNP chip 
genotyping, the differences between the average %RP for PHB47 and PHB51-
derived DH lines were very minimal, with 76.25% and 76.76%, respectively (Table 
2.1).  
 
 In terms of recombination events, PHZ51-derived DH lines had more than 
PHB47-derived DH lines for both marker systems. PHB47-derived DH lines had an  
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Figure 2.6. Population structure of GEM-DH lines based on 2,500 randomly-selected GBS 
markers. The first group, composed of predominantly red bars, comprises mostly stiff-stalk 
(PHB47-derived DH lines), while the second groups, with predominantly green bars, is 
composed of non-stiff stalk (PHZ51-derived DH lines). Entries with blue circle are PHZ51-
derived DH lines grouped with the stiff-stalk group, and those with red circles are PHB47-
derived DH lines grouped with the non-stiff stalk group. 
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Figure 2.7. Population structure of GEM-DH lines based on 2,500 randomly-selected SNP chip 
markers. The first group, composed of predominantly red columns, comprises mostly stiff-
stalk (PHB47-derived DH lines), while the second groups, with predominantly green columns, 
is composed of non-stiff stalk (PHZ51-derived DH lines). Entries with blue circle are PHZ51-
derived DH lines grouped with the stiff-stalk group, and those with red circles are PHB47-
derived DH lines grouped with the non-stiff stalk group. 
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(a) GBS – all lines          (b) SNP chip – all lines 
 
 
                  
(c) GBS -Percent donor < 50%       (d) SNP chip – Percent donor < 50% 
 
 
Figure 2.8. Principal component analysis of GEM-DH lines using GBS and SNP chip markers. 
 
 
average of 3610, while PHZ51 had 4052 with the GBS markers. Using SNP chip 
markers, PHB47 has 390 while PHZ51 had 453 recombination events (Table 2.2). 
 
Population structure of GEM-DH lines 
 
STRUCTURE Harvester (Earl and vonHoldt, 2012) used the output from 
STRUCTURE software (Pritchard et al., 2000) to determine the number of groups in 
which the GEM-panel was to be divided. Based on the results, dividing the GEM-DH 
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lines into two groups was the most ideal; in both GBS and SNP chip markers 
(Figures 2.6 and 2.7); one group was composed of mostly PHB47-derived lines, and  
the other mostly PHZ51-derived lines.  Principal component analyses also showed 
the same result (Figure 2.8a and 2.8b). The main groups were consistent with the 
heterotic groups, stiff stalk and non-stiff stalk. Some of the GEM-DH lines were 
misgrouped to the other recurrent parent. Upon further examination, it was found 
out that the misgrouped lines had high proportion of donor parent composition 
(>50%), and may not be real BC1-derived DH lines.  When the lines with more than 
50% donor parent were excluded, the groupings were more pronounced (Figure 
2.8c and 2.8d). 
 
Conclusions 
 
One of the challenges in genotyping exotic landraces is that they are highly 
heterogeneous and heterozygous, and the current genetic information, which is 
mostly based on the inbred B73, may not apply to these landraces. In characterizing 
the GEM-DH lines using molecular markers, we noticed an unusually high number of 
recombination events, which also contributed to the high recurrent parent 
percentage. What may have been perceived as a recombination event may be due to 
the presence of monomorphic markers, which were not filtered out because there 
was no genotype data for the landraces. It was therefore necessary to correct for 
monomorphic markers before molecular profiling of the GEM-DH lines. 
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GBS and chip markers are high-throughput and highly economical SNP-based 
marker systems. Comparison between these markers showed no significant 
differences between PHB47 and PHZ51 in terms of average parental contribution.  
Both GBS and SNP chip markers grouped the BC1-derived GEM-DH lines according 
to heterotic groups. The difference between the two marker systems is the 
distribution of markers across linkage groups, where GBS has an advantage.  In 
terms of molecular profiling, GBS and SNP chip markers gave similar information. 
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Abstract 
 
Selection for genotypes with a vigorous root system could enhance the 
adaptation of maize under water and nutrient deficit soils. Although extensive 
genetic variation for root architecture has been reported (Kumar et al., 2012; Abdel-
Ghani et al., 2014; Kumar et al., 2014; Pace et al., 2015), root traits have been 
seldom considered as selection criteria to improve yield in maize, mainly because 
characterization of root morphology in the field is laborious, inaccurate and time 
consuming (Tuberosa and Salvi, 2007). Characterization of root traits under 
hydroponic conditions in this case has the advantage of screening a high number of 
genotypes in a small space (in a growth chamber) within a short period of time (2-3 
weeks). Thus, it saves the time and effort required for screening maize genotypes 
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with vigorous root systems and might be helpful to monitor root development at 
different growth stages.  
 
Materials and Reagents 
 
1. Regular weight (brown) germination paper 48.5” x 36.5”, custom-sized to 12” 
x 24” (Anchor Paper Company, catalog number: SD3836S)  
2. Small kitchen wire mesh strainer/sieve with handle (20 cm diameter) 
3. Small plastic cups, measuring boats (FisherbrandTM Hexagonal Polystyrene 
Weighing dishes) (Thermo Fisher Scientific, Fisher Scientific, catalog 
number: 02-202-101), or double-faced filter paper for drying seed- should be 
the same number as the number of entries 
4. Waterproof pencil art grip aquarelle black (Faber-Castell, catalog number: 
114299) and permanent marker (Sharpie®, Fine Point Permanent Marker, 
black) 
Note: Black marker works better as other colors fade faster. 
5. Plastic tags (5” x 5/8”) (International Greenhouse, catalog number: CN-1000) 
for labeling (optional if rolls are labeled) 
6. Rubber bands (OfficeMax Extra Long Rubber bands, or any other brand) 
7. Glassine bags (Seedburo S411 shoot bags, treated, 4” x 2-1/2” x 11”) 
8. Personal protective items: latex gloves, lab coat, closed shoes, mask goggles 
9. Maize seeds: Genotypes used in this protocol are pure lines obtained from 
the North Central Regional Plant Introduction Station in Ames, Iowa (Abdel-
Ghani et al., 2013).  
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Notes:  
a. Seeds should be multiplied under the same conditions to avoid differences 
due to environment on the seed size.  
b. Seeds should display high germination percentages to keep similar number 
of biological replications within experimental units. 
10. Chlorox® solution (6% sodium hypochlorite), household bleach (USA) 
11. Deionized sterile distilled water (ddH2O) 
12. Potassium nitrate (KNO3) (Thermo Fisher Scientific, Fisher Scientific, catalog 
number: P-263-500) 
13. Calcium nitrate (Ca2NO3) (Thermo Fisher Scientific, Fisher Scientific, catalog 
number: C109-3) 
14. Monopotassium phosphate or potassium phosphate monobasic (KH2PO4) 
(Thermo Fisher Scientific, Fisher Scientific, catalog number: BP-362-500 ) 
15. Magnesium sulfate (Thermo Fisher Scientific, Fisher Scientific, catalog 
number: M65-500) 
16. Iron from iron chelate [Fe-EDTA, (Sigma-Aldrich, catalog number: E6760-
100G), Fe-DTPA, or Fe-EDDHA]  
17. Monocalcium phosphate or calcium phosphate monobasic [Ca(H2PO4)2] (MP 
Biomedicals, catalog number: 193803) 
18. Calcium sulfate dihydrate (CaSO4.2H2O) (MP Biomedicals, catalog number: 
191414) 
19. Potassium sulfate (K2SO4) (Sigma-Aldrich, catalog number: P0772-1kg)  
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20. Boric acid (Thermo Fisher Scientific, Fisher Scientific, catalog number: 
BP168-1) 
21. Manganese chloride-4 hydrate (MnCl2.4H2O) (Sigma-Aldrich, catalog number: 
221279-100g) 
22. Zinc sulfate-7 hydrate (ZnSO4.7H2O) (Sigma-Aldrich, catalog number: Z0251-
100G) 
23. Copper sulfate-5 hydrate (Thermo Fisher Scientific, Fisher Science, catalog 
number: S25287A) 
24. Molybdic acid (H2MoO4) (Sigma-Aldrich, catalog number: 232084-100G) 
25. Hoagland’s nutrient solution 
a. High N (15 mM NO3-) Hoagland’s solution (see Recipes) 
b. Low N (1.5 mM NO3-) Hoagland’s solution (see Recipes) 
c. Micronutrient stock solution (1 L) (see Recipes) 
26. 30% ethanol (C2H6O) (commercial grade from any brand) (see Recipes) 
27. 2.5 g/L Fungicide solution Captan® (Bonide Products Inc.) (see Recipes) 
 
Equipment 
 
1. 2 L capacity beakers (each beaker holds 8-10 paper rolls) (Coring, Pyrex® 
Griffin Beakers, catalog number: 10000-2L) 
2. 50 ml capacity beakers (Pyrex®, Griffin Beakers) (Sigma-Aldrich, catalog 
number: CLS100050), for sterilizing and washing seeds 
3. Plant growth chamber (Conviron, model: PGC FLEX) 
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4. Cold room (Rheem Puffer Hubbard environmental chamber) or refrigerator  
5. Autoclave (PRIMUS Strerilizer , model: PSS5) 
6. Sensitive balance (Ohaus, model: AdventurerTM AR0640) 
Note: This product has been discontinued. 
7. Flatbed scanner (Epson, model: Expression 10000 XL, or any other brand) 
8. Computer with flash drive and Windows operating system 
9. Oven (Fisher Scientific ™ Isotemp ™ General Purpose Heating and Drying 
Oven 15-103-0503) or any contant temperature oven/dryer 
10. Ruler or yardstick (Acme Westcott 15728 36” Aluminum Yard Stick) 
 
Software 
 
1. WinRhizo (Regent Instruments, model: WinRhizo Pro 2009) or ARIA 
(Automatic Root Image Analysis) (Pace et al., 2014) 
 
Procedure 
 
This experiment was designed to test the performance of maize seedlings under 
contrasting level of nitrogen (N) levels (Abdel-Ghani et al., 2013). The seedlings 
should be exposed to Hoagland’s nutrient solution with high N (HN) and low N 
(LN) (Hershey, 1994). Nitrogen in Hoagland’s solution with HN contains 15 mM 
of NO3-, whereas the concentration of N in LN Hoagland’s solution is 1.5 mM 
(10% NO3-) (Abdel-Ghani et al., 2013; Abdel-Ghani et al., 2015). Other macro- 
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and micro-elements should be constant in both nutrient treatments. All steps 
regarding paper roll preparation and culture are as follows (Also see Figure 3.1; 
steps A to D).  
 
 
Figure 3.1. Summary of steps for paper rolls preparation and culture. A. Kernels are 
surface sterilized with 6% sodium hypochlorite, washed with distilled water and 
dried out. Four sterilized maize kernels of similar size are placed on a double layer of 
brown filter papers pre-moistened with fungicide solution Captan®. B. Rolled 
germination papers are kept in 2 L glass beakers containing Hoagland’s nutrient 
solution with high nitrogen (HN) and low nitrogen (LN). C. Rolls should be kept for 14 
days in a controlled growth chamber. D. Seedling after 14 days of incubation in the 
controlled growth chamber, under LN and HN treatments. 
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A. Maize kernels sterilization 
1. Kernels are surface sterilized in 20 ml beakers with Chlorox® solution (6% 
sodium hypochlorite) for 15 min at room temperature. Chlorox should cover 
the kernels in the beaker and beakers should be manually shaken for 3-4 
times. 
2. Chlorox should be drained out first, and then the seeds should be washed 
with ddH2O three times. Small sterilized sieve (20 cm in diameter) can be 
used to drain out water after each wash.  
3. After washing, kernels should be kept on a double-faced brown filter paper 
and left for 10 min until the seeds are dry. Small plastic cups or measuring 
boats can also be used to dry seeds. 
 
B. Growing seeds in paper rolls 
1. Brown germination paper should be cut down into 20 x 20 cm sheets and 
pre-moisturized with fungicide solution Captan® (2.5 g/L) to eliminate the 
possibility of any fungi development during seedling development. The 
brown paper should be moistened with fungicide solution by soaking the 
paper in the solution. Excess fungicide solution should be removed by 
pressing on the soaked papers by hand. The paper rolls should be labeled 
either with permanent (water proof) pencil by writing directly on brown 
sheets and/or by attaching labels with each roll.  
2. Four sterilized maize kernels of similar size are placed 4 cm away from the 
top edge of a double layer of filter papers. Kernels are placed 4 cm apart and 
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leaving 4 cm from left and right edges, covered with another ﬁlter paper, 
then wrapped into rolls, about 5 cm thick. The roll should be kept secure with 
a rubber band. Two-L capacity glass beakers containing autoclaved 
Hoagland’s nutrient solution with HN or LN should be filled to one half 
(about 400 ml), and consequently brown paper rolls should be placed 
vertically in the beakers, making sure that the seeds are on top and not 
submerged in solution. About one half of the length of the rolls should be 
emerged in the solution. Eight to ten rolls could be placed per beaker. All 
steps were illustrated in Figure 3.1A-D. 
 
C. Growing conditions 
Rolls should be kept in a controlled growth chamber under the following 
conditions (Figure 3.1D): a photoperiod of 16/8 h (light/darkness) at 25/22 °C 
with photosynthetically active radiation of 200 µmol photons m-2s-1. The relative 
humidity in the growth chamber should be maintained at 65%. Nutrient solution 
should be daily added to maintain the solution level in the beakers at 400 ml 
during the experiment. Seedlings should be kept 14 days in the growth chamber. 
Thereafter, maize root architecture related traits could be recorded either 
manually or using image analysis software.  
 
D. Recording maize root architecture 
After 14 days of incubation of maize kernels grown under HN and LN levels, the 
nutrient solution should be removed and replaced with about 400 ml of 30% 
43
ethanol and the samples should be stored in a cold room, only to be taken out for 
measuring, scanning, and drying. This is done to prevent further growth in order 
to preserve the roots and to record root data at the same time point. However, 
this step is not necessary if all roots can be scanned in one day. For measuring 
root traits using software, scan the roots and save the images using a flatbed 
scanner, as much as possible, make sure that roots do not overlap for ease in 
measurement. Out of the 4 seedlings per entry, 3 that look similar would be 
measured. Scanning should be done before drying the roots. 
 
1. Manually recorded traits: the root of individual seedlings should be separated 
into three parts by a blade, namely, primary root, seminal roots and crown 
roots (Figure 3.2). Maize root traits could be recorded by a ruler or 
gravimetrically. The lengths of primary root, seminal roots and crown roots can 
be recorded by a ruler. Seminal root number and crown root number can be 
recorded by counting up the rising roots. Fresh weight of shoots and roots 
could be also recorded using sensitive balance. Fresh roots are put in glassine 
paper bags (10 x 20 cm) and oven dried at 80 °C for at least 48 h. Dry weight 
measurements can be taken after drying using a sensitive balance. 
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Figure 3.2. Maize root system: embryonic roots (primary roots and seminal roots) and 
postembryonic roots (shoot born crown roots and lateral roots). Crown roots are 
responsible for the major part of the water and nutrient uptake. All these roots are 
usually formed below the soil.  
 
2. Traits recorded by WinRhizo program: total number of root tips, forks, and 
crossings, total root length, root surface area, root volume and root average 
diameter could be measured using image analysis software. The software 
cannot distinguish primary, seminal, crown, or lateral roots by itself. As 
mentioned in the previous step, the roots have to be divided into primary, 
seminal, and crown roots; then, specific root measurements can be done. 
Steps of root imaging analysis using WinRhizo software are presented in 
Figures 3.3-3.17. 
 
a. Turn the scanner power on, open WinRhizo program and select the 
scanner that will be used (should be highlighted), then click “Select” 
(Figure 3.3). 
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Figure 3.3. Scanner (image source) selection in WinRhizo. 
 
b. The title window for WinRhizo will open. Click “Ok” (Fig. 3.4). 
 
Figure 3.4. WinRhizo Startup page. Click “Ok” to continue. 
 
c. Scanning and saving root images 
i. Place up to 3 roots on the scanner. The root system can be entirely 
scanned or separate scans of dissected root parts could be performed 
in the case of a very dense and compacted root system. Make sure that 
the roots from one plant are not intertwined with those of other 
plants, as this affects the analysis. 
ii. From the main tab, click “Image”, then click “Acquire Image” (Figure 
3.5). 
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Figure 3.5. Image acquisition in WinRhizo. After clicking on “Image>Acquire Image,” 
scanning of roots commences. 
 
iii. The root images will show on the screen once scanning is done. Check 
the images (Figure 3.6). 
 
 
Figure 3.6. Scanned roots image preview from WinRhizo software. 
 
 
iv. Save the scanned image by clicking “Image,” then “Save Displayed 
Image”. 
d. Analyzing scanned root images 
i. Make a new file where the root parameter data will be stored. From 
the main tab, click “Data”, then click “New File.” If you have previously 
started the analylsis, then select “Open file” (Figure 3.7). 
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Figure 3.7. Creating/opening a file where the root parameter data will be saved. If 
analysis is done for the first time in a particular experiment, select “Image>New File…” 
If analysis for the same experiment has started. Select “Image>Open File…” 
 
ii. Select the location where the file will be saved. It is advisable to save 
the file in the folder where the images are. Type the desired file name, 
then click “Save.” The data file will be in text format (.txt) (Figure 3.8). 
 
B.  
C.  
Figure 3.8. Selecting the directory/folder where the data file will be saved. 
 
iii. To get the scanned images, click “Image”, the “Origin.” A new window 
(“Image Origin”) will appear. Select Disk (Figure 3.9). 
 
ii.  
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Figure 3.9. Selecting the source of the root images for analysis (Click on 
“Image>Origin”). 
 
iv. To acquire the saved images, click on the floppy disk icon on the upper 
left side of the screen (Figure 3.10). 
 
 
 
Figure 3.10. Acquiring the previously scanned images for analysis. Click on the floppy 
disk icon.   
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v. Click on the image to be analyzed, then click “Open” (Figure 3.11). 
 
Figure 3.11. Selecting the image to be analyzed by clicking on the file thumbnail. 
 
vi. Zoom the image out so that the whole image can be seen on the 
screen. In this example, the image was zoomed out to 1/8th of its 
original size (Figure 3.12). 
1) Original size (Figure 3.12A) 
2) Zoomed-out image (Figure 3.12B) 
 
Figure 3.12. Image of scanned roots for analysis. A. Original size. B. Image zoomed out 
to 1/8th of its size to show all roots. 
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vii. Select the root to be analyzed by first clicking either: 1). rectangular 
selection or, 2). Free form selection for closely-spaced roots (Figure 
3.13). 
 
 
Figure 3.13. Selecting individual roots for analysis. 1). Rectangular selection. 2). Free 
form selection. 
 
 
 
viii. A window will appear. Label the root beside “Identification,” 
and write your name as “Operator.” Then click “Ok” (Figure 3.14). 
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Figure 3.14. Labeling the individual roots. 
 
ix. Repeat steps D2 vii-viii until all the roots are analyzed (Figure 3.15). 
 
Figure 3.15. End of root image analysis, indicated by green outlines and labels at the 
upper left side for each root.  
 
x. The output file looks like this: It is in text (*.txt) format; open the file 
using MS Excel and save as Excel spreadsheet to be able to organize 
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(sort, filter) and make calculations (e.g., average) with the data. Root 
morphological data from individual plants can be found in the 
following columns (Figure 3.16): 
Length (cm) (Column 16/P) – Total root length (cm)  
ProjArea (cm2) (Column 18/R) – Total root projected area (cm2) 
SurfArea (cm2) (Column 20/T) – Total root surface area (cm2) 
AvgDiam (mm) (Column 22/V) – Average root diameter (mm) 
LenPerVol (cm/m3) (Column 24/X) – Total root length per cubic 
meter of soil (cm/m3) 
RootVolume (cm3) (Column 26/Z) – Total root volume 
Tips (Column 29/AC) – Number of tips 
Forks (Column 30/AD) – Number of forks 
Crossings (Column 31/AE) – Number of crossings 
 
 
Figure 3.16. Sample Output file (in *.txt format) from root imaging analysis using 
WinRhizo software (step D2 x).  
 
 
3. Traits recorded by ARIA program: steps of root imaging analysis using ARIA 
program are presented in Figure 3.17. The measurements are done by the 
software all at once. After loading the images and clicking on the primary 
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root on the image (the same can be done for other roots), the software will 
start measuring all traits at the same time. The following traits and their 
corresponding description can be measured using ARIA (Pace et al., 2014). 
 
a. Total Root Length (TRL) – Cumulative length of all the roots in 
centimeters 
b. Primary Root Length (PRL) – Length of the Primary root in centimeters 
c. Secondary Root Length (SEL) – Cumulative length of all secondary roots 
in centimeters 
d. Center of Mass (COM) – Center of gravity of the root 
e. Center of Point (COP) – Absolute center of the root regardless of root 
length 
f. Center of Mass (Top) (CMT) – Center of gravity of the top 1/3 of the root 
(Top) 
g. Center of Mass (Mid) (CMM) – Center of gravity of the middle 1/3 root 
(Middle) 
h. Center of Mass (Bottom) (CMB) – Center of gravity of the bottom 1/3 root 
(Bottom) 
i. Center of Point (Top) (CPT) – Absolute center of the root regardless of 
root length (Top) 
j. Center of Point (Mid) (CPM) – Absolute center of the root regardless of 
root length (Middle) 
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k. Center of Point (Bottom) (CPB) – Absolute center of the root regardless of 
root length (Bottom) 
l. Maximum Number of Roots (MNR) – The 84th percentile value of the sum 
of every row 
m. Perimeter (PER) – Total number of network pixels connected to a 
background pixel 
n. Depth (DEP) – The maximum vertical distance reached by the root system 
o. Width (WID) – The maximum horizontal width of the whole RSA 
p. Width/Depth ratio (WDR) – The ratio of the maximum width to depth 
q. Median (MED) – The median number of roots at all Y-location 
r. Total Number of Roots (TNR) – Total number of roots 
s. Convex Area (CVA) – The area of the convex hull that encloses the entire 
root image 
t. Network Area (NWA) – The number of pixels that are connected in the 
skeletonized image 
u. Solidity (SOL) – The fraction equal to the network area divided by the 
convex area 
v. Bushiness (BSH) – The ratio of the maximum to the median number of 
roots 
w. Length Distribution (LED) – The ratio of TRL in the upper one-third of the 
root to the TRL 
x. Diameter (DIA) – Diameter of the primary root 
y. Volume (VOL) – Volume of the primary root 
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z. Surface Area (SUA) – Surface area of the primary root 
aa. Standard Root Length (SRL) – Total root length divided by root system 
volume 
 
 
 
 
 
 
A. Save images in the “Images” folder within the ARIA directory.  
 
 
 
B. Open the ARIA program. Click “Continue.” 
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C. Click “Batch Process” 
 
 
 
 
 
D. Click “Select Folder.” 
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E. A new window opens. Browse to “Images” folder. Click “Select Folder.” 
 
 
 
 
 
F. The filename(s) of the scanned root images should show under the 
“Requires Setup” window at the upper right portion of the screen. Click 
“Setup.” 
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G. The original and magnified images of an individual root sample are 
shown in the screen. Click the part of the image where the primary root 
starts. Do the same for the other roots. The analysis will automatically 
start once setup for all the roots are done. 
 
 
 
 
H. The figure above shows the image analysis running. 
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I. The output file is saved as an MS Excel file in the “Done” folder within the 
“Images” folder. 
 
 
 
J. The output file should look like this. 
 
 
 
 
When working with multiple roots and/or files, the output file looks like 
this. 
 
 
Figure 3.17. Root image analysis using ARIA software (step D3) 
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Representative data 
 
Representative data showing seedling growth of genotypes PHZ51, B73 and 
Mo17 under LN and HN levels are shown in Figure 3.18. Maize genotypes 
responded to N deficiency by increasing the root:shoot (R:S) ratio. Lines 
presented in Figure 3.18 displayed a higher R:S ratio under LN as compared with 
HN treatment. To absorb sufficient amount of N under LN, maize plant adapt to 
N starvation by increasing the root volume and decreasing the aerial vegetative 
growth.  
 
                                   
Figure 3.18. Performance of three maize genotypes (PHZ51, B73 and Mo17) under low 
and high nitrogen levels 
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Recipes 
1. Hoagland’s Nutrient Solution 
Note: This is made essentially according to Hoagland and Arnon (1950). This 
solution is used to culture plants in hydroponic medium. 
a. High N (15 mM NO3-) Hoagland’s solution 
5 ml of 1 M (M = Molar) potassium nitrate  
5 ml of 1 M calcium nitrate  
1 ml of 1 M monopotassium phosphate  
2 ml of 1 M magnesium sulfate  
1 ml of micronutrient stock solution (see Recipe 1c below)  
5 ml of 1,000 mg/L iron from iron chelate (Fe-EDTA, Fe-DTPA, or Fe-
EDDHA) 
Add ddH2O to complete the volume to 1 L  
b. Low N (1.5 mM NO3-) Hoagland’s solution 
10 ml of 0.05 M monocalcium phosphate  
200 ml of 0.01 M calcium sulfate dihydrate 
5 ml of 0.5 M potassium sulfate 
2 ml of 1 M magnesium sulfate  
1 ml of micronutrient stock solution (see Recipe 1c below) 
5 ml of iron chelate stock solution as for HN 
Add ddH2O to complete the volume to 1 L 
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c. Micronutrient stock solution (1 L)  
2.86 g boric acid  
1.81 g manganese chloride-4 hydrate  
0.22 g zinc sulfate-7 hydrate  
0.08 g copper sulfate-5 hydrate  
0.02 g 85% molybdic acid 
Add autoclaved ddH2O to complete the volume to 1 L  
2. 30% ethanol (1 L)  
Add gradually 300 ml ethanol in 500 ml of ddH2O by stirring 
Add ddH2O until final volume is 1,000 ml 
Store at 4 °C 
3. 2.5 g/L Fungicide solution Captan® 
Dissovle 25 g of Captan® in 500 ml of ddH2O by stirring 
Add ddH2O until final volume is 1,000 ml 
Store at room temperature 
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Abstract 
 
Maize landraces are potential sources of useful allelic diversity. This study 
focuses on finding single nucleotide polymorphisms (SNPs) associated with seedling 
root system architecture traits, which are becoming recognized as important for 
water and nutrient acquisition for plant growth and development. A genome-wide 
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association study  (GWAS) was conducted using 300 doubled haploid  (DH) lines 
derived from crosses between landraces from the Germplasm Enhancement of 
Maize (GEM) project and two inbreds PHB47 and PHZ51. These DH lines were 
genotyped using 62,077 SNP markers, and root and shoot phenotype data were 
collected from 14-day old seedlings. Using three GWAS models, namely general 
linear model, mixed linear model, and Fixed and random model Circulating 
Probability Unification (FarmCPU) model, multiple SNPs associated with seedling 
root traits were detected, some of which were within or linked to gene models that 
showed expression in seedling roots. Trait associations involving the SNP 
S5_152926936 in Chromosome 5 were detected in all three models, particularly the 
trait network area, where this association was significant among all three GWAS 
models. The SNP is within the gene model GRMZM2G021110, which is expressed in 
roots at seedling stage.  SNPs that were significantly associated with seedling root 
traits, and closely linked to gene models that encode proteins associated with root 
development were also detected. This study shows that the GEM-DH panel may be a 
source of allelic diversity for genes controlling seedling root development. 
 
Introduction 
 
The root system plays a major role in the acquisition of water and nutrients 
essential for the plant’s survival and growth, hence the importance of root growth 
and development in N uptake. Selection for better root development may identify 
maize inbred lines with higher grain yield under low nitrogen (N) fertilization 
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conditions (Abdel-Ghani et al., 2012, Liu et al., 2009). Root growth, especially 
initiation and development of shoot-borne roots, as well as the amount of N taken 
up were found to be correlated with shoot growth and demand for nutrients (Peng 
et al., 2010).  Grain yield was closely associated with root system architecture traits 
in the early developmental stages of maize plants (Cai et al., 2012). 
 
In maize, a hypothetical root ideotype was proposed by Lynch (2013) with 
the objective of optimizing water and N acquisition. The ideotype, described as  
“steep, cheap, and deep,” has the following characteristics: (a) a primary root with 
large diameter and few but long laterals and tolerant to cold soil temperatures, (b) 
seminal roots that are either: many, with shallow growth angles, small diameter, 
many laterals and long root hairs, or intermediate in number with steep growth 
angles, large diameter, and few laterals, with abundant lateral branching of the 
initial crown roots, (c) an intermediate number of crown roots with steep growth 
angles, and few but long laterals, (d) one whorl of brace roots of high occupancy, 
having an growth angle that is slightly shallower than the growth angle for crown 
roots, (e) low root cortical metabolic burden composed of abundant root cortical 
aerenchyma, large cortical cell size, an optimal number of cortical cell files and 
accelerated cortical senescence, (f) unresponsiveness of lateral branching to 
localized resource availability, and (g) Low Km and high Vmax for nitrate uptake.  
 
Several genes which affect root development in maize have been identified: 
RTCS (rootless concerning crown and seminal roots), RTH1 (roothairless 1), RTH2 
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(roothair defective 2), RTH3 (roothairless 3), RTH5 (roothairless5) and RUM1 
(rootless with undetectable meristems 1).  RTCS controls crown root and seminal root 
formation (Taramino et al., 2007). RTH1, RTH2, RTH3, and RTH5 control root hair 
elongation in maize (Wen et al., 2005, Wen and Schnable, 1994, Hochholdinger et al., 
2008, Nestler et al., 2014). RUM1 controls lateral root growth and seminal root 
growth (Woll et al., 2005). In addition, RTH3 has also been shown to affect grain 
yield in maize (Hochholdinger et al., 2008). Quantitative trait locus (QTL) mapping 
for maize root system architecture traits using BC4F3 lines from the cross Ye478 x 
Wu312 detected 30 QTL  (Cai et al., 2012). Genome-wide association studies using 
the Ames panel (Romay et al., 2013) found 268 SNPs to be associated with seedling 
root traits, some of which were located within or linked to gene models or QTL 
associated with root development (Pace et al., 2015).  
 
There is considerable genetic variation for root traits in maize (Kumar et al., 
2012).   In this study, doubled haploid (DH) lines from the Germplasm Enhancement 
of Maize (GEM) project (Pollak, 2003) were used to identify single nucleotide 
polymorphisms (SNPs) associated with seedling root system architecture traits. In 
the allelic diversity component of the GEM project, crosses between landraces and 
elite inbreds with expired plant variety protection (PVP), PHB47 and PHZ51, were 
conducted (Brenner et al., 2012). DH lines were derived from BC1 plants obtained 
after backcrossing initial crosses to the respective elite inbreds, to enable 
photoperiod adaptation of these materials to Midwest U.S. conditions. Our 
hypothesis is that novel sources of genes associated with root development can be 
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found from exotic maize germplasm. The objectives of this study were to (i) 
determine the extent of variation of root traits of 14-day old seedlings in the GEM-
DH panel, (ii) find associations between SNP markers and seedling root system 
architecture traits, and (iii) identify candidate genes involved in root development.   
 
Materials and methods 
 
Plant materials 
 
Doubled haploid (DH) lines were derived from crosses between exotic maize 
landraces from the Germplasm Enhancement of Maize (GEM) project and expired 
PVP lines PHB47 and PHZ51. The GEM accessions used in this study were composed 
of 72 landraces from Central and South America. The DH lines were developed 
following the procedure described in Brenner et al. (2012). Briefly, GEM accessions 
were crossed with PHB47 and PHZ51 to produce F1 seed, and most of these were 
grown and backcrossed once to PHB47 or PHZ51, respectively, to produce the BC1F1 
generation.  BC1F1 or F1 plants were crossed with the inducer hybrid RWS 9 x RWK-
76 (Rober et al. 2005) to produce haploid seed, which was identified based on the R-
nj color marker (Liu Z et al., 2016). In the subsequent planting season, putative 
haploids were grown in the greenhouse, and seedlings at the 3–4 leaf developmental 
stage were subjected to colchicine treatment to promote genome doubling.  Haploid 
plants were transplanted in the field and selfed to produce DH lines.  
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Root phenotyping 
 
Three hundred GEM-DH lines and recurrent parents PHB47 and PHZ51 were 
used in this study. Seed was obtained from the seed increase nursery at the 
Agricultural Engineering and Agronomy Farm in Boone, Iowa, and the North Central 
Regional Plant Introduction Station (NCRPIS) of USDA-ARS in Ames, Iowa. The seed 
used for the root assay was grown following the protocol described by Abdel-Ghani 
et al. (2016). A completely randomized design (CRD) was used, with one growth 
chamber trial representing a replication.  For each trial, four seeds of each line were 
surface sterilized with Clorox® solution (6% sodium hypochlorite) for 15 minutes, 
then rinsed three times with sterile water. Surface sterilized seed was placed 
approximately 2.5 cm below the top edge of brown germination paper (Anchor 
Paper, St. Paul, MN, USA) pre-soaked with fungicide solution Captan® (2.5g/l), and 
afterwards rolled up vertically. Ten to eleven rolled germination papers were placed 
in a 2-liter beaker filled with 400 ml deionized water. The experiments were 
conducted in growth chambers under a photoperiod of 16/8 h at a temperature of 
25/22oC (light/darkness) with photosynthetically active radiation of 200 µmol 
photons m_2 s_1. The relative humidity in the growth chamber was maintained at 
65% and the water level was maintained at 400 ml. Three independent growth 
chamber trials were completed on April 5, 2013, November 22, 2013, and December 
13, 2013. 
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Data were collected from 14-day old seedlings.  The traits collected are 
described in Table 4.1. One paper roll represents one DH line and represents an 
experimental unit. Possible outliers of poorly-germinated seedlings were removed, 
and means were taken for the remaining seedlings in each paper roll. Shoots were 
separated from the roots and shoot length was measured using a ruler. Roots were 
scanned using a flatbed scanner (EPSON Expression 10000 XL, Copyright © 2000-
2014 Epson America, Inc.). Seedling root traits were measured using ARIA image 
analysis software (Pace et al., 2014). If data collection could not be done in a single 
day, seedlings were preserved by submerging the roots in 30% ethanol and storing 
them in a cold room (4oC) to prevent further growth. Dry weight of roots and shoots 
were measured after drying them at 70 0C in an oven dryer for at least 48 hrs. 
 
Phenotypic data analysis 
 
Analysis of variance of seedling traits was performed using the additive 
model yij= µ+ + Ri + Gj + εij, where yij represents the observation from ijth plot, µ is the 
overall mean, Ri is the effect of ith replication, Gj is the effect of jth line, and εij is the 
experimental error.  The function PROC GLM from the software package SAS 9.3 
(SAS Institute Inc., 2011) was implemented to obtain an ANOVA table and expected 
mean squares for calculating heritability. Type 3 sums of squares were used to  
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Table 4.1. Trait designations and descriptions collected manually and by ARIA 
(From Pace et al., 2014). 
 
 
 
 
Trait name Symbol Trait description 
Total root length TRL Cumulative length of all the roots in centimeters 
Primary root length PRL  Length of the primary root in centimeters 
Secondary root length SEL Cumulative length of all secondary roots in 
centimeters 
Center of point COP  Absolute center of the root regardless of root length 
Maximum number of 
roots 
MNR  The 84th percentile value of the sum of every row 
Perimeter PER  Total number of network pixels connected to a 
background pixel 
Depth DEP The maximum vertical distance reached by the root 
system 
Width WID The maximum horizontal width of the whole RSA 
Width/Depth ratio WDR The ratio of the maximum width to depth 
Median MED The median number of roots at all Y-location 
Total number of roots TNR Total number of roots 
Convex area CVA The area of the convex hull that encloses the entire 
root image 
Network area NWA  The number of pixels that are connected in the 
skeletonized image 
Volume VOL Volume of the primary root 
Solidity SOL The fraction equal to the network area divided by 
the convex area 
Bushiness BSH The ratio of the maximum to the median number of 
roots 
Length distribution LED The ratio of TRL in the upper one-third of the root 
to the TRL 
Diameter DIA Diameter of the primary root 
Surface area SUA Surface area of the entire root system 
Standard root length SRL Total root length divided by root volume 
Shoot length SHL Total Length of the shoot to the longest leaf tip in 
cm 
Shoot dry weight SDW Total dry weight of only the plant shoot 
Root dry weight RDW Total dry weight of only the plant roots 
Total plant biomass TPB Root dry weight and shoot dry weight added 
together 
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account for missing data. Genotypic variances (σ2G), phenotypic (σ2P) variances, and 
broad sense heritability (H2) were calculated based on entry means. Heritability on 
an entry mean basis was calculated using the formula below (Pace et al., 2015). 
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MSG and MSE represent mean squares of genotype and error, respectively, and rep 
is the number of independent replications (three).  For each trait, best linear 
unbiased prediction (BLUP) values were calculated by fitting genotype and 
experiments (replications) as random effects using SAS 9.3 (SAS Institute Inc., 
2011). BLUPs were used for the association analyses. Correlations among 
phenotypic traits were calculated using PROC CORR function in SAS 9.3 (SAS 
Institute Inc., 2011). 
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Marker data 
 
The GEM-DH lines were genotyped using 955,690 genotyping-by-sequencing 
(GBS) markers (Elshire et al., 2011). GBS data were generated at the Cornell 
Institute for Genomic Diversity (IGD) laboratory. After filtering out markers with 
more than 25% missing data, below 2.5% minor allele frequency, and monomorphic 
markers, 247,775 markers were left for further analyses. For markers at the same 
genetic position (0 cM distance), only one marker was randomly selected. The final 
number of markers used for further analyses was 62,077 markers distributed across 
all 10 chromosomes. The average number of recombination events per line was 
substantially greater than expected. Therefore, the genotypic data were corrected 
for monomorphic markers that were located between flanking markers displaying 
donor parent genotypes. The correction was based on Bayes theorem, with an 
underlying assumption that very short distances of a marker with recurrent parent 
(RP) genotype to flanking markers with donor genotype are more likely due to 
identity of marker alleles for that particular SNP between RP and donor, instead of a 
rare double recombination event. These short RP segments interspersed within 
donor segments were tested for the null hypothesis that a double recombination 
occurred, and were either corrected or kept as original genotype, accordingly, based 
on P-values from the Bayes theorem (Lipka et al., in preparation). After correction, 
the donor genome composition was closer to the expected 25%, compared to the 
original marker data, and the average number of recombination events was 
substantially reduced (Sanchez et al., in preparation). 
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Principal component analysis, linkage disequilibrium, and genome-wide 
association studies  
 
Principal component analysis (PCA) was used to determine the number of 
subpopulations within the GEM-DH panel, and was computed using the R package 
GAPIT (Genome Association and Prediction Integrated Tool), developed by Lipka et 
al. (2012).  The most probable number of subpopulations was selected by plotting 
the number of PCAs (x-axis) against the variance explained by the PCA (y-axis). The 
optimum number of PCAs is determined when the decrease in variance has reached 
a plateau (i.e., increasing the number of PCs does not increase the variance 
explained). Linkage disequilibrium between SNP markers was calculated from 
20,000 randomly selected SNP markers using the software TASSEL 5.0 (Bradbury et 
al., 2007). 
 
BLUPs of trait values for root dry weight, total plant biomass, total number of 
roots, shoot length, surface area, shoot dry weight, secondary root length, network 
area, and total root length were used for genome-wide association studies (GWAS). 
These traits have heritability estimates of 0.3 or higher.  In order to balance false-
positives and false-negatives in detecting significantly-associated SNPs, three 
statistical models were implemented, namely: (1) General Linear Model (GLM) + 
PCA, where the PCA output from GAPIT was used as a covariate to account for fixed 
effects due to population structure; (2) Mixed Linear Model (MLM) (Yu et al., 2006), 
where PCA and kinship were used as covariates, and; (3) FarmCPU (Fixed and 
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random model Circulating Probability Unification), where PCA and kinship were 
also used as covariates, but has additional algorithms to solve the confounding 
problems between testing markers and covariates (Liu X et al., 2016). GWAS using 
the GLM+PCA model was conducted using the software TASSEL 5.0 (Bradbury et al., 
2007). GWAS using MLM was conducted using R package GAPIT (Lipka et al., 2012), 
and the FarmCPU model was run using the R package FarmCPU (Liu et al., 2016). All 
R packages were run using R statistical software v. 3.1.2 (R Core team, 2014). 
 
Multiple testing in GWAS was accounted for using the statistical program 
simpleM (Johnson et al., 2010), implemented in R (R Core Team, 2014), which 
calculates the number of informative SNPs (Meff_G). First, a correlation matrix for all 
markers was constructed, and the corresponding eigenvalues for each SNP locus 
were calculated. A composite LD (CLD) correlation was then calculated directly from 
the SNP genotypes using GAPIT (Lipka et al., 2012), and once this SNP matrix was 
obtained, Meff_G was calculated and this value was used to compute for the multiple 
testing threshold in the same way as the Bonferroni correction method, where the 
significance threshold ( = 0.05) was divided by the Meff_G ( $$_⁄ ).  For this 
study, the multiple testing threshold level was set at 1.76 x 10-6. 
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Results 
 
Phenotypic analysis 
 
Considerable variation was observed for most traits within the GEM-DH 
panel. Total root length and secondary root length had the largest standard 
deviations of 52.95 and 51.69 (Table 4.2), respectively. Most seedling traits followed 
a normal distribution, with a slight skew to the right.  Some lines were consistently 
in the tails of trait distributions. DH line BGEM-0213-S ((PHB47/PISAN BOV344)/ 
PHB47 #003-(2n)-001) had the highest values for root dry weight, total root length, 
surface area, secondary root length, median, total number of roots, convex area, and 
network area. On the other extreme, DH line (CURAGUA GRANDE CHI303/ PHZ51)/ 
PHZ51 #005-(2n)-001 had the lowest values for total root length, secondary root 
length, perimeter, depth, width, convex area, and network area. All seedling root 
traits showed close, positive (Pearson correlation coefficient (r) > 0.8) and 
significant (P< 0.0001) correlations with each other (Table 4.3), but the 
relationships ranged from weak to very strong, with r-values ranging from 0.36 to 
0.9.   
 
Estimates of heritability (H2) on an entry mean basis for seedling traits in this 
study ranged from 0.06 to 0.50 (Table 4.2). Because estimates of some traits were 
low, a threshold of H2 = 0.30 was set for genome-wide association analyses.   
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Table 4.2. Trait statistics collected for 24 root and shoot seedling traits. 
H2 = broad-sense heritability, RDW = Root dry weight, TPB = Total plant biomass, TNR = Total 
number of roots, SHL = Shoot length, SUA = Surface area, SDW = Shoot dry weight, MED = Median, 
SEL = Secondary root length, NWA = Network area, TRL = Total root length, CVA = Convex area, MNR 
= Maximum number of roots, PRL = Primary root length, WID = Width, SRL = Standard root length, 
DIA = Diameter, DEP = Depth, COP = Center of point, LED = Length distribution, SOL = Solidity, VOL = 
Volume, BSH = Bushiness, PER = Perimeter, WDR = width-depth ratio 
 
Traits with heritability values exceeding 0.30 were root dry weight, total plant 
biomass, total number of roots, shoot length, surface area, shoot dry weight, 
secondary root length, network area, and total root length; and these were used for 
further analysis.   
 
 
Trait Mean Std. Dev. Minimum Maximum H2 
RDW (g) 0.05 0.01 0.03 0.08 0.50 
TPB (g) 0.11 0.02 0.06 0.19 0.47 
TNR 13.74 2.97 6.98 23.87 0.45 
SHL (cm) 18.25 2.18 11.09 23.65 0.42 
SUA (cm2) 12.90 2.58 6.46 22.09 0.41 
SDW (g) 0.06 0.01 0.03 0.12 0.39 
MED 6.56 1.37 3.52 11.34 0.38 
SEL (cm) 231.25 51.69 107.63 438.52 0.38 
NWA 1.53 0.32 0.73 2.85 0.37 
TRL (cm) 263.42 52.95 128.66 475.35 0.37 
CVA 117.50 15.88 68.70 163.29 0.27 
MNR 81.75 8.84 59.00 110.29 0.26 
PRL (cm) 32.16 2.40 22.67 38.59 0.24 
WID 6.04 0.52 4.48 7.27 0.24 
SRL 0.51 0.06 0.39 0.84 0.21 
DIA 0.12 0.01 0.11 0.14 0.21 
DEP 27.53 1.53 20.91 30.29 0.19 
COP 0.44 0.01 0.41 0.50 0.17 
LED 0.60 0.06 0.39 0.84 0.17 
SOL 0.01 0.00 0.01 0.02 0.14 
VOL 94.24 12.55 73.60 174.00 0.12 
BSH 2.24 0.11 2.06 2.95 0.14 
PER 170.81 8.95 140.07 197.21 0.11 
WDR 0.23 0.01 0.22 0.38 0.06 
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Table 4.3. Pearson correlations of seedling shoot and root traits used in GWAS. 
All correlations were significant (P<0.0001).  
 TRL SUA PRL SEL MED TNR NWA SDW RDW TPB SHL 
TRL  0.95 0.59 1.00 0.93 0.95 1.00 0.53 0.69 0.67 0.63 
SUA   0.61 0.95 0.87 0.88 0.95 0.54 0.79 0.72 0.65 
PRL    0.55 0.36 0.36 0.58 0.48 0.49 0.53 0.43 
SEL     0.94 0.96 1.00 0.52 0.69 0.66 0.62 
MED      0.95 0.94 0.46 0.63 0.60 0.58 
TNR       0.95 0.46 0.63 0.60 0.62 
NWA        0.53 0.68 0.66 0.63 
SDW         0.62 0.90 0.59 
RDW          0.89 0.53 
TBP           0.62 
SHL            
 
TRL = Total root length, SUA = Surface area, PRL = Primary root length, SEL = Secondary root length, 
MED = Median, TNR = Total number of roots, NWA = Network area, SDW = Shoot dry weight, RDW = 
Root dry weight, TPB = Total plant biomass, SHL = Shoot length.  
 
Principal component analysis  
 
Most GEM-DH lines clustered into two major groups (Figure 4.1). One cluster, 
which includes PHB47, contains mostly DH lines with PHB47 as recurrent parent.  
The other major group contains PHZ51 and mostly DH lines with PHZ51 
background. This is consistent with the heterotic grouping of maize inbred lines into 
stiff stalk, and non-stiff stalk. Some GEM-DH lines were mis-grouped (i.e., PHB47 
background into the PHZ51 group, and vice versa).  Marker profiles of these mis-
grouped lines had a high donor (exotic) parent contribution, with an average of 
around 50%, which was significantly higher than the average donor percentage for 
the whole GEM-DH panel (18.9%). 
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Figure 4.1. Principal component analysis of 300 GEM-DH lines used in the 
study. 
 
 
Linkage disequilibrium 
 
 A subset of 20,000 randomly selected SNP markers, spanning all 10 
chromosomes, was used to calculate linkage disequilibrium (LD) decay in the GEM-
DH panel. The LD decay in the GEM-DH panel was slower than expected. The 
average LD decay of the lines in the Ames panel, particularly within stiff stalk and 
non-stiff stalk heterotic groups, as well as ex-PVPs, occurs within 10 kb (Pace et al., 
2015, Romay et al., 2013). However, in the GEM-DH panel, the LD threshold (r2 = 
0.20) was not reached even after 100 Mb. Among individual chromosomes, LD decay 
PHB47   PHZ51   
Mostly 
Non-Stiff stalk 
DH lines 
Mostly  
Stiff stalk  
DH lines 
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was reached within 1 Mb in Chromosomes 1 and 6, within 10 Mb in Chromosome 4, 
and within 100 Mb in Chromosome 5. The slow LD decay may be due to the high 
percentage of recurrent parent genome in the GEM_DH lines. Because of the slow LD 
decay, LD was computed between significant SNPs and previously identified QTL 
and gene models associated with root development that lie within the same 
chromosome.   
 
Genome-wide association studies 
 
One SNP marker, S5_152926936 on Chromosome 5, was found to be 
significantly associated with four seedling root traits, namely secondary root length 
(P=6.10x10-7, SNP effect=25.4206), network area (P=6.94x10-7, SNP effect=0.1598), 
total number of roots (P=7.85x10-7, SNP effect=1.4134), and total root length 
(P=7.88x10-7, SNP effect=25.9513), using the mixed linear model (Q+K MLM) for 
GWAS (Figure 4.2), after multiple testing using simpleM (cutoff=1.76 x 10-6). This 
SNP is within the gene model GRMZM2G021110, located between 152916750 and 
152932484 bp on Chromosome 5 (Schaeffer et al., 2011). This gene was identified 
as a putative xaa-Pro dipeptidase.  Data from NimbleGen microarrays from B73 
showed that the absolute expression levels of GRMZM2G021110 were 10461.2 at the 
primary root six days after sowing, 13438 in primary roots in VE (one leaf visible) 
and 14451.4 at the primary roots during V1 (three leaves visible) developmental 
stage, out of 20289.27, which was the maximum expression level (expression  
 
 a         b 
 
 
c         d 
 
 
Figure 4.2. Root traits showing significant trait-SNP associations using mixed linear model (Q+K MLM). a. Total root 
length, b. secondary root length, c. Total number of roots, d. network area. Blue line represents threshold determined 
by SimpleM at α=0.05 (P=1.76 x 10-6) and red line represents threshold using Bonferroni correction α=0.05 (P=8.05 x 
10-7).
8
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potential) of GRMZM2G021110 (Sekhon et al., 2011).  S5_152926936 is also in LD 
with the ys1 locus (Beadle, 1929), in which its associated gene model 
GRMZM2G156599 (190674766-190677896 bp in Chromosome 5) was identified as 
an Fe(III)-phytosiderophore transporter (Curie, et al., 2001). The expression levels 
of GRMZM2G156599 were 8906.62 at V1 stage, out of a maximum expression level of 
10638.45 (Sekhon et al., 2011), and 1459.9 in crown root nodes 1-3 and 1681.4 in 
crown root node 4 at V7 stage (Stelpflug et al., 2016).  
 
The FarmCPU model detected 10 SNPs with significant associations with 
seedling root traits, after adjusting the threshold after multiple testing using 
simpleM (Table 4.4).  There were a total of 14 SNP-trait associations.  Consistent 
with MLM, FarmCPU detected a significant association between the SNP 
S5_152926936 and network area (P=1.76x10-7). Other traits significantly associated 
with S5_152926936 by FarmCPU were median and surface area.   
 
One SNP on Chromosome 1, S1_295347415, was found to be significantly 
associated with total number of roots (TNR). It is in linkage disequilibrium with 
qTRL11-1, a putative QTL for total root length during seedling stage, which can be 
found in between markers umc2189-umc1553 in bin 1.10-1.11 (Cai et al., 2012).     
 
SNP marker S2_132260511 was significantly associated with root median 
(P=6.35 x 10-7), and is located within gene model GRMZM2G159503, located 
between 132259992- 132260907 bp on Chromosome 2  (Schaeffer et al., 2011).  
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Table 4.4.  SNPs significantly associated with root traits detected by FarmCPU. 
SNP Chromosome Position (bp) Trait P-value  Effect 
S1_295347415 1 295347415 TNR 1.02x10-6 0.7557 
S2_132260511 2 132260511 MED 6.35x10-7 0.4903 
S2_226393146 2 226393146 TNR 1.25x10-6 -0.8181 
S2_229011896 2 229011896 MED 2.50x10-8 0.4960 
   SEL 1.15x10-6 15.7416 
S5_71848753 5 71848753 NWA 1.28x10-6 -0.0909 
S5_152926936 5 152926936 MED 2.72x10-7 0.4384 
   NWA 1.76x10-7 0.1095 
   SUA 4.20x10-7 0.8729 
S5_212654036 5 212654036 TNR 1.35x10-6 0.9912 
S7_130871939 7 130871939 MED 1.28x10-7 0.5189 
S7_160533327 7 160533327 MED 3.56x10-7 0.4075 
S8_3886189 8 3886189 TRL 8.67x10-7 16.1696 
   SEL 1.40x10-6 15.5019 
TNR = total number of roots, MED = median, SEL = secondary root length, NWA = 
network area, SUA = surface area, TRL = total root length 
 
Absolute expression levels of GRMZM2G159503 were 97.52 in primary roots six 
days after sowing, 278.13 in primary roots in VE and 481.26 in primary roots during 
V1 developmental stage, out of 639.42, which was the expression potential of 
GRMZM2G159503. The gene model GRMZM2G159503 encodes for a putative dirigent 
protein (Sekhon et al., 2011).  Another SNP on Chromosome 2, S2_229011896, was 
significantly associated with root median (P=2.5 x 10-8) and secondary root length 
(P=1.15 x 10-6). SNP S2_229011896 is in linkage disequilibrium (R2=0.26) with 
qCRN2.4, a QTL for number of crown roots, which was mapped near the marker 
bnlg381 (27743913-28286803 bp) on Chromosome 2 (Salvi et al., 2016).   
 
Two other SNPs on Chromosome 5 were significantly associated with root 
traits. SNP S5_71848753 was associated with root network area (P=1.28 x 10-6).  
This SNP is located within the gene model GRMZM5G872147, which spans the region 
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between 71846308 and 71849950 bp (Schaeffer et al., 2011).  This gene codes an 
RNA recognition motif-containing protein. The absolute expression values for 
GRMZM5G872147 were 165254.76 for the primary root six days after sowing, 
16476.46 for the primary root in and 13811.43 for the primary roots during V1 
developmental stage, out of 33184.32, which was the maximum expression level of 
GRMZM5G872147 (Sekhon et al., 2011). SNP S5_71848753 is in LD (R2=0.76) with 
srs4, or lateral root primordia like6 (LRL6), as reported in MaizeGDB (Schaeffer et al., 
2011).   The locus srs4 or LRL6 is found between 60133015 and 60135634 bp on 
Chromosome 5 based on the B73 RefGen_v2 sequence, and based on gene model 
GRMZM2G097683 (Schaeffer et al., 2011).  SNP S5_212654036 was significantly 
associated with total number of roots (P=1.35x10-6). It is within the gene model 
GRMZM5G878379, located between 212653738 and 212655188 bp on Chromosome 
5 (Schaeffer et al., 2011).  The gene model is a putative mitogen-activated protein 
kinase kinase (MAPKK), and its absolute expression values were 9533.81 in primary 
roots 6 days after sowing, 5030.81 in primary roots in VE and 17349.8 in primary 
roots during V1 developmental stage, out of 20065.66, which was the maximum 
expression level of GRMZM5G878379 (Sekhon et al., 2011). S5_212654036 is 34462 
bp away from GRMZM2G008367 (212618747-212619574 bp), which codes for an 
SCP-like extracellular protein. Its absolute expression levels were 215.92, 234.35, 
and 291.36 for the primary root six days after sowing, at VE, and V1, respectively, 
out of a maximum expression level of 379.94. It is also 56809 bp away from 
GRMZM5G848185 (212594919-212597227 bp), in which the absolute expression 
levels in the primary root were 47.45, 180.87, and 181.11 six days after sowing, VE, 
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and V1 developmental stages, out of a maximum of 200.75.  GRMZM5G848185 is a 
putative MYB family transcription factor (Sekhon et al., 2011). 
 
SNP S7_130871939 on Chromosome 7 was significantly associated with root 
median (P=1.28 x 10-7), and is located within the gene model GRMZM2G404929 
(130871920-130874029 bp) (Schaeffer et al., 2011). Its absolute expression levels 
in the primary root six days after sowing, at VE, and V1 developmental stages were 
28.03, 798.11, and 29.57, respectively (Sekhon et al., 2011). It is only highly 
expressed in the primary root at the VE developmental stage. GRMZM2G404929 is a 
putative serine carboxypeptidase homolog. S7_130871939 is 6737 bp away from 
GRMZM2G464985 (130878674-130882596 bp) (Schaeffer et al., 2011). The absolute 
expression values in primary roots six days after sowing, at V1, and VE 
developmental stages were 8534.4, 8868.9, and 8404.8, respectively, out of the 
maximum expression value of 15487.91. The gene codes for a putative 
uncharacterized protein with protein kinase activity (Schaeffer et al., 2011). 
In relation to known QTL related to seedling root development, S7_130871939 is in 
LD with qTRL17-1, a putative QTL for total root length at seedling stage located 
between markers mmc0411 and bnlg339 at bin 7.02-7.03 (Cai et al., 2012). 
A second SNP on Chromosome 7, S7_16053327, was significantly associated with 
root median (P=1.28 x 10-7). It is 24262 bp away from the gene model 
GRMZM2G055216 (160557589-160561399 bp), coding for a putative transporter-
related protein (Schaeffer et al., 2011). The absolute expression values were 
6122.54, 6701.27, and 7480.1 in primary roots 6 days after sowing, and during VE, 
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and V1 developmental stages, compared to the maximum expression value of 
9031.03 (Sekhon et al., 2011). 
 
On Chromosome 8, SNP S8_3886189 was significantly associated with total 
root length (P=8.67x10-7) and secondary root length (P=1.40x10-6).  This SNP is 
within the gene model GRMZM2G153434 (3883766-3891170 bp), identified as a PQ 
loop repeat domain-containing protein (Schaeffer et al., 2011). Absolute expression 
values in primary roots were 11936.4, 7444.78, and 5265.96 six days after sowing, 
at VE, and V1 developmental stages, and the maximum expression for this gene was 
12778.11 (Sekhon et al., 2011). 
 
Finally, the general linear model with population structure (GLM+Q) 
detected seven SNPs associated with seedling root as well as shoot traits.  A total of 
21 SNP-trait associations were detected (Table 4.5) using the GLM+Q model, some 
of which were consistent with SNPs detected by MLM and FarmCPU. The SNP 
S2_11826822, which was significantly associated with root dry weight (P=1.1 x 10-
6), is in LD with qCRN2.4, a QTL for number of crown roots, which was mapped near 
the marker bnlg381 (27743913-28286803 bp) on Chromosome 2 (Salvi et al., 
2016). The SNP S5_82244840 was found to be in LD (R2=0.71) with the locus srs4, or 
lateral root primordia like6 (LRL6), as reported in MaizeGDB (Schaeffer et al., 2011).  
SNP S5_152926936 was significantly associated with network area (P=4.97x10-8) 
using all three GWAS methods. GLM also detected the other three SNP-trait 
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Table 4.5. SNPs significantly associated with root traits detected by GWAS 
using general linear model. 
SNP Chromosome Position 
(bp) 
Trait P-value Effect 
S2_11826822 2 11826822 RDW 1.10x10-6 -0.0055 
S2_66235983 2 66235983 PRL 2.59x10-7 7.5138 
S5_82244840 5 82244840 NWA 1.11x10-6 -1.2168 
   TRL 1.53x10-6 -196.5000 
   SEL 1.58x10-6 -193.1700 
S5_152917874 5 152917874 NWA 1.56x10-7 0.0501 
   TNR 9.43x10-7 0.6902 
   TRL 1.95x10-7 9.8553 
   SUA 7.46x10-7 0.4294 
   SEL 1.89x10-7 11.7852 
S5_152923670 5 152923670 NWA 1.58x10-7 0.5131 
   TNR 5.37x10-7 4.5137 
   TRL 2.31x10-6 80.9763 
   SUA 2.25x10-7 4.1054 
   SEL 2.03x10-7 78.8400 
S5_152926936 5 152926936 MED 1.41x10-6 0.3900 
   NWA 4.97x10-8 0.1284 
   TNR 1.37x10-7 1.6990 
   TRL 6.37x10-8 18.7668 
   SUA 1.76x10-7 0.6329 
   SEL 5.45x10-8 20.1101 
RDW = Root dry weight, NWA = network area, TRL = Total root length, SEL = Secondary root length, 
TNR = Total number of roots, SUA = surface area, MED = Median. 
 
 
associations found with MLM (S5_152926936) with secondary root length 
(P=5.45x10-8), total number of roots (P=1.37x10-7), and total root length 
(P=6.37x10-8). FarmCPU and GLM were consistent for S5_152926936 and median 
(P=1.41x10-6). Putative gene models identified by SNP-root trait associations are 
listed in Table 4.6. 
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Table 4.6. Gene models identified by SNP – root trait associations in GEM-DH 
lines. 
Gene model SNP Trait Putative gene product 
GRMZM2G159503 S2_132260511 MED Dirigent protein 
GRMZM5G872147 S5_71848753 NWA RNA recognition motif-
containing protein 
GRMZM2G097683   shi/sty (srs)-transcription 
factor  
GRMZM2G021110 S5_152926936 MED  xaa-Pro dipeptidase 
  NWA  
  SEL   
  SUA  
  TNR  
  TRL  
GRMZM5G878379 S5_212654036 TNR Mitogen-activated protein 
kinase kinase (MAPKK) 
GRMZM2G008367   SCP-like extracellular protein 
GRMZM5G848185   MYB family transcription factor 
GRMZM2G055216 S7_130871939 MED Transporter-related protein 
GRMZM2G404929   Serine carboxypeptidase 
homolog 
GRMZM2G464985   Uncharacterized protein with 
protein kinase activity 
GRMZM2G153434 S8_3886189 TRL PQ loop repeat domain-
containing protein 
  SEL  
MED = Median, NWA = network area, SEL = Secondary root length, SUA = surface 
area, length, TNR = Total TRL = Total root number of roots. 
 
 
Discussion 
 
High-throughput and accurate phenotyping is one of the major constraints in 
genetic studies concerning roots (Tuberosa and Salvi, 2007). Evaluation of root 
traits from seedlings grown in paper rolls, allows screening for a large number of 
line quickly and more precisely, especially with the availability of root imaging 
software (e.g., ARIA (Pace et al., 2014), WinRhizo (Regent Instruments), or DIRT 
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(Das et al., 2015)).   However, the artificial conditions in growth chambers do not 
accurately reflect field conditions.  There is a moderate to strong positive (r 
between 0.42 to 0.63) and significant correlation (P<0.0001) between root (length, 
area, dry weight) and shoot (length, dry weight) traits (Table 4.3).  Total biomass 
has a moderate positive correlation with primary root length (r=0.53), and strong 
positive correlations with other root length and area traits (r between 0.66 to 0.72). 
Abdel-Ghani et al. (2012) found significant and positive correlations between 
seedling root and adult plant traits, indicating that more vigorous seedling growth 
might contribute to a higher grain yield.   
 
Root system architecture traits are highly variable among maize genotypes. 
This study shows that many of the traits showed the aforementioned wide range of 
variation (Table 4.2).  The two traits with the highest standard deviation were SEL 
(52.95) and TRL (51.69). The highest value for SEL is more than four times larger 
than that of the lowest value, and for TRL there was a 3-fold difference between 
extreme lines. In a similar study by Pace et al. (2015), lines from the Ames panel 
(Romay et al., 2013) had more extreme phenotypic ranges than the GEM-DH panel.  
Most of the lines in the GEM-DH panel were BC1-derived, with an average 
percentage of recurrent parent (PHB47 or PHZ51) of 77.78%; this might explain the 
less extreme variation in the GEM-DH lines compared to the Ames panel. The result 
in this study, however, was consistent with the findings of Abdel-Ghani et al. (2012). 
Most of the other traits showed around 2- to 3- fold differences between the 
minimum and maximum values. This considerable variation among root traits for 
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GEM-DH lines can be exploited for genetic studies and improvement of root traits in 
elite germplasm, which may improve tolerance to drought or nutrient deficiency. 
 
Heritability estimates of seedling traits in this study ranged from low to 
moderate, with H2 ranging between 0.06 and 0.50 (Table 2.2).  These observations 
were consistent with findings from similar studies concerning seedling root 
phenotyping (Pace et al., 2015, Cai et al., 2012). As in these previous studies, a 
threshold of H2 = 0.30 was set for genome-wide association analyses. Most biomass-
related traits, in particular RDW, TPB, and SHL, as well as TNR and SUA, had 
heritability estimates between 0.4 and 0.5. Primary root length had a low 
heritability estimate (H2 = 0.24), which could be attributed to the software ARIA’s 
limitation of not being able to accurately identify the primary root each time (Pace 
et al., 2015). Nevertheless, PRL was still included for further analysis, in spite of its 
low heritability estimate, because this trait had been considered as important for 
acquiring water and nutrients (Lynch, 1995, Lynch, 2013). 
 
Population structure 
 
Principal component analysis divided the GEM-DH lines into two major 
groups (Figure 4.1), which corresponded to the heterotic groups of the recurrent 
parents PHB47 (stiff stalk) and PHZ51 (non-stiff stalk).    Some GEM-DH lines were 
mis-grouped into the opposite heterotic groups (i.e., PHB47 background into the 
PHZ51 group, and vice versa). These lines had a high donor (exotic) parent 
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proportion, ranging from 53.6% to 72.2% with an average of 59.97%, which was 
significantly higher than the average donor percentage for the whole GEM-DH panel 
(18.9%).  For these mis-grouped lines, the following scenarios may have occurred  
(a) the DH lines were F1-derived instead of BC1-derived, (b) backcross to wrong RP, 
or  (c) selfing occurred, instead of DH line development. If scenario (a) occurred, the 
% donor parent genome would be within the 50% range.  Scenario (b), or backcross 
to the wrong RP would have led to 75% donor parent instead of 50%. If scenario (c) 
occurred, then the lines would be expected to have a substantial percentage of 
heterozygous alleles.  There were seven F1-derived lines in the study, and they did 
not group with PHB47, the elite parent. Six out of the seven F1-derived lines fell 
within the 50% range, confirming that scenario (a) occurred. The mis-grouped BC1-
derived lines were within 60-75% range, which could mean that scenario (b) would 
have occurred. 
 
Linkage disequilibrium 
 
 The average LD decay, where the average r2 reaches 0.2, among maize inbred 
lines, occurs within 10 kb (Pace et al., 2015, Romay et al., 2013), and within 1 kb for 
maize landraces (Tenaillon et al., 2001, Romay et al., 2013). In the GEM-DH panel 
used in this study, however, the average LD decay was slower than what was 
expected; the LD threshold in the GEM-DH panel was not reached within 100 Mb. 
Because most of the GEM-DH lines were mostly BC1-derived, with only a few F1-
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derived DH lines, majority have high percentage of recurrent parent genome, which 
could explain the slow LD decay.  
 
Genome-wide association studies 
 
The purpose of using three statistical models for GWAS was to remove false 
positives, which is a limitation of GLM, as well as recover false negatives caused by 
high stringency of MLM. The number of SNP-trait associations is expected to be 
highest in GLM, followed by FarmCPU, and MLM would have the least.  Using 62,077 
SNP markers in seedling traits with H2 > 0.30, the total number of SNP-trait 
associations from GLM, FarmCPU, and MLM were 21, 14, and 4, respectively, which 
was consistent with the expected trend.   
 
Pace et al. (2015) detected four SNPs from MLM, and 263 markers from GLM 
using 135,311 SNP markers.  The SNPs detected by MLM were associated with 
bushiness and standard root length, traits which had low heritability estimates, 
while those detected by GLM were from traits with heritability estimates of H2 = 0.3 
and higher.  
 
Only one SNP, S5_152926936, was detected using all three methods. Trait-
wise, S5_152926936 was found to be significantly associated with network area in 
all three models, with median and surface area in both GLM and FarmCPU, and with 
secondary root length, total number of roots, and total root length in both GLM and 
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MLM. S5_152926936 is within the gene model GRMZM2G021110, which codes for a 
putative xaa-Pro dipeptidase.  This SNP marker is also in LD with the ys1 locus 
(Beadle, 1929), in which its associated gene model GRMZM2G156599 codes for an Fe 
(III)-phytosiderophore transporter (Curie, et al., 2001). As it has been detected with 
all three statistical methods, S5_152926936 is a promising SNP associated with 
seedling root traits in the GEM-DH panel, and needs to be investigated further. 
 
Some of the significant SNPs detected were found to be in LD with known 
genes associated with root development, namely S1_295347415 with qTRL11-1 (Cai 
et al., 2012), S2_11826822 and S2_229011896 with qCRN_2.4 (Salvi et al., 2016) 
S5_71848753 and S5_82244840 with srs4 or LRL6 (Schaeffer et al., 2011), and 
S7_130878006 with qTRL17-1 (Cai et al., 2012). There were also SNPs that were 
located within gene models that encode for proteins that may be associated with 
root development.  Stelpflug et al. (2016) characterized RNASeq data and identified 
gene groups highly expressed during root development.  Genes highly expressed in 
the meristematic zone (root tip) include those that encode enzymes responsible for 
translation, ribosomal function, and assembly, protein metabolism, DNA synthesis 
and replication, transcriptional activation, cell cycle regulation, microtubule motor 
activity, nucleosome assembly, and plant-type cell-wall organization. S5_71848753 
is within the gene model GRMZM5G872147 on Chromosome 5. It encodes for an RNA 
recognition motif containing protein, which is included in one of these categories.  
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Genes that encode nutrient reservoir activity, transport, kinases, protein 
phosphorylation, regulation of transcription and TF activity (including enrichment 
for TIFY, MYB, NAC, and WRKY families), monooxygenase activity, glutathione 
transferases, redox regulation, electron carrier activity, lipid metabolism, and 
biosynthesis of flavonoids, showed peak expression in the upper, developmentally 
older half of the differentiation zone (Stelpflug et al., 2016). The following gene 
models and their corresponding products, GRMZM5G848185 (putative MYB family 
transcription factor), GRMZM5G878379 (putative MAPKK) on Chromosome 5, 
GRMZM2G464985 (AGC kinase), and GRMZM2G055216 (putative transporter-related 
protein) on Chromosome 7 fall into these categories.  
  
SNP S8_3886189 was significantly associated with total root length 
(P=8.67x10-7) and secondary root length (P=1.40x10-6).  This SNP is within the gene 
model GRMZM2G153434 (3883766-3891170 bp), which is highly expressed in 
roots (Sekhon et al., 2011), coding for a PQ loop repeat domain-containing protein 
(Schaeffer et al., 2011).  In Arabidopsis, a protein belonging to the PQ-loop family, 
AtPQL3, was found to be expressed primarily in roots (Pattison, 2008). 
 
LD was computed between S1_295347415 and known root QTL RTCS 
(Taramino et al., 2007), RTH1 (Wen et al., 2005), and RTH3 (Hochholdinger et al., 
2008) in Chromosome 1, as well as the significant SNPs in Chromosome 5 and RTH2 
(Wen and Schnable, 1994), also mapped in Chromosome 5. These known QTL were 
not in LD with the significant SNPs within their respective chromosomes. There 
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were no significant SNPs found in Chromosome 3, where these root QTL RTH5 
(Nestler et al., 2014) and RUM1 (Woll et al., 2005) were mapped. 
 
Conclusions 
 
In this study, SNPs putatively associated with seedling root traits in a panel 
of GEM-DH lines were identified. Some of these SNPs were in LD with known QTL 
for root development on Chromosomes 1, 2, 5, and 7. There were various SNPs on 
Chromosomes 2, 7, and 8 that were neither linked nor in LD with known genes for 
root development, but based on expression data in B73 (Sekhon et al., 2011, 
Stelpflug et al., 2016), some of these genes may be associated with root growth and 
development in maize.  Validation of these novel genes is needed, by developing 
near-isogenic lines for linkage or expression analysis, or through transgenic 
approach. Once validated, these putative SNPs can be used to select for donor lines 
with favorable allele(s) for particular root traits, and can also be used for marker-
assisted selection in breeding populations. This study shows that exotic germplasm 
from the GEM project are, therefore, useful sources of novel genes to select for root 
system architecture traits to breed for improved water and/or nutrient uptake in 
maize.  
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Abstract 
 
Nitrogen (N) is an important macroelement for promoting crop growth and 
development, and essential for increased grain yield, yet more than half of the N 
fertilizer applied goes back into the environment. Developing maize hybrids with 
improved nitrogen use efficiency can help minimize N losses, and in turn reduce 
adverse ecological, economical, and health consequences. This study aimed to 
identify single nucleotide polymorphisms (SNPs) associated with agronomic traits 
under high and low nitrogen conditions. A genome-wide association study  (GWAS) 
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was conducted using 203 doubled haploid  (DH) lines derived from crosses between 
landraces from the Germplasm Enhancement of Maize (GEM) project and two 
inbreds PHB47 and PHZ51. These DH lines were genotyped using 62,077 SNP 
markers, and plant height, anthesis to silking interval, and grain yield were collected 
from high and low nitrogen conditions in three environments. Using three GWAS 
models, namely general linear model, mixed linear model, and Fixed and random 
model Circulating Probability Unification (FarmCPU) model, multiple SNPs 
associated with agronomic traits under high and low nitrogen were detected, some 
of which were within or linked to known genes/QTL associated with yield under 
low N. Consistencies of SNPs associated with traits under high and low N were 
detected, were identified in the testcrosses as well as superior testcrosses under 
high and low N, with PHB47/PHZ51 as reference. The GEM-DH panel may be a 
source of allelic diversity for genes controlling agronomic traits under contrasting N 
conditions. 
 
Introduction 
 
Nitrogen (N) is an important macroelement for promoting growth and 
development, as well as increasing grain yield in crops.  In non-legumes, the 
application of N fertilizers has become an important agronomic practice in order to 
provide enough food supply for the growing human population (Robertson and 
Vitousek, 2009).  Although the maize crop recovers an average of 56% from the N 
fertilizer applied (Rimski-Korsakov et al., 2012), Nitrogen use efficiency (NUE), 
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defined as grain yield produced per unit of N supplied (Moll et al., 1987), ranges 
from 25% to 50% (Raun and Johnson, 1999, Tilman et al., 2002). More than half of 
the fertilizer applied in maize production is lost to the environment (Moose and 
Below, 2009), with mineralization of organic N comprising most of the N leached 
after maize cropping, while leached nitrates coming from fertilizer were only 0.8% 
of the fertilizer applied (Rimski-Korsakov et al., 2012). Nitrogen lost to the 
environment costs the European Union between €70 billion (US$100 billion) and 
€320 billion annually, which is more than twice the estimated profit contributed by 
N fertilization in European farms (Sutton et al., 2011).  Nitrogen leaching into the 
Mississippi River Basin has been thought to be one of the major causes for the 
expanding hypoxic zone on the Louisiana-Texas shelf of the Gulf of Mexico (Goolsby 
et al., 2000). Fertilizer input and stream export of N are positively correlated, and 
about 34% of the applied fertilizer N is transported to rivers and streams of the 
Mississippi basin (Raymond et al., 2012). The leaching of nitrates and nitrites into 
the drinking water supply can cause serious health hazards in humans, either 
directly, such as mutagenicity, teratogenicity, birth defects, and various cancers, or 
indirectly, through shellfish poisoning brought about by algal toxins (Camargo and 
Alonso, 2006). Thus, improving the NUE in maize through improved yield 
performance under low nitrogen condition is one way to reduce N fertilization in 
the field. 
 
There is evidence for genetic variation for NUE in maize (Gallais and Coque, 
2005). However, elite germplasm in the U.S. represents only a small proportion of 
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the total available genetic diversity in maize.  This raises concerns regarding genetic 
vulnerability in maize.  The narrowing of a crop’s genetic base, coupled with 
changes in the environment such as biotic and abiotic stress, would decrease crop 
productivity (Pollak, 2003). The Germplasm Enhancement in Maize (GEM) project of 
USDA-ARS has the objective of improving maize productivity by broadening the 
genetic base of commercial maize cultivars through evaluating, identifying, and 
introducing useful genes from maize landraces (Pollak, 2003; Salhuana and Pollak, 
2006).   
 
One of the issues regarding the breeding of nitrogen use efficient lines is, 
whether inbred line performance can predict performance of the respective hybrids.  
This is important in selecting for parents that would produce hybrids with high 
NUE. Previous studies showed varying results with regards to evaluating lines or 
hybrids, from no correlation (Gallais and Coque, 2005; Lafitte and Edmeades, 1995) 
to significant correlation at low N conditions (Presterl et al., 2002; Zaidi et al., 2003). 
 
In this study, doubled haploid (DH) lines derived from crosses using GEM 
accessions and inbreds PHB47 and PHZ51, as well as their testcrosses were 
evaluated under low and high (normal) nitrogen conditions for agronomic traits in 
field trials. Genome-wide association analyses for these agronomic traits under low 
and high nitrogen conditions were conducted. The main objective was to identify 
novel alleles associated with agronomic traits at low nitrogen conditions, which can 
aid in improving nitrogen use efficiency in maize. The specific objectives were to: (i) 
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determine the extent of variation of agronomic traits for the GEM-DH panel grown 
under high and low nitrogen conditions, (ii) find associations between SNP markers 
and agronomic traits grown under high and low N, (iii) determine consistency of 
SNPs between per se and testcross trials, and (iv) investigate associated SNP 
markers for candidate genes responsible for agronomic traits under high and low N. 
 
Materials and methods 
 
Plant materials 
 
A total of 203 GEM-DH lines, as well as inbred lines B73, PHB47, and PHZ51 
were used in the per se trial. Seed of these lines were increased at the United States 
Department of Agriculture (USDA) North-Central Region Plant Introduction Station 
in Ames, Iowa during the summer of 2013, and at the Iowa State University 
Agricultural Engineering and Agronomy Farm in summer 2014. 
 
For the testcross trial, the same lines from the per se trial were used as 
parental lines. They were divided according to heterotic group membership (i.e., 
stiff-stalk and non-stiff stalk), and each group was planted in separate isolation plots 
in Ames in Summer 2014. Two rows and two ranges of pollen parent surrounded 
each isolation plot. Inside, for every two rows of female, there was one row of male.  
There were three replications or rows of each DH line, randomly distributed per 
isolation plot. In one isolation plot, all lines belonging to the stiff-stalk group (e.g., 
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DH lines with PHB47 as recurrent parent, PHB47 and B73) were detasseled before 
anthesis and PHZ51 was used as pollen parent.  In the other isolation plot all non-
stiff stalk lines (e.g., DH lines with PHZ51 as recurrent parent, and PHZ51) were 
crossed with PHB47.  
 
Trial environments 
 
Three environments were used for both the per se and testcross trials. The 
per se trials were conducted at the Iowa State University Agricultural Engineering 
and Agronomy Farm (42.0204o latitude, -93.7738o longitude, 335 m elevation) in 
Ames, Iowa (Ames) in the summer of 2014 and 2015, and at the Iowa State 
University Northeast Research and Demonstration Farm (42.93811o latitude, -
92.57018o longitude, 317.742 m elevation) in Nashua, Iowa in the summer of 2015 
(Nashua). The testcross trials were done in two locations at the Ames farm and at 
Nashua in the summer of 2015.  
 
No fertilizer was applied for all low nitrogen (N) treatments for all 
environments. The low N location in Ames has historically been planted with maize 
and no fertilizer had been applied in that area. The other low N area in Ames, where 
one of the testcross trials was conducted did not receive any fertilizer treatment and 
was planted with non-nodulating soybeans in the previous year (2014). In the 
testcross trials, the maize-maize location shall subsequently be referred to as Ames 
2015A and the soybean-maize location shall be referred to as Ames 2015B. No N 
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fertilizer was applied to the Nashua low N location in 2014, and oats were planted in 
that area in order to deplete the soil N content. In the high N trials, 261.6 kg N/ha 
was applied in the form of 32% urea-ammonium nitrate (UAN) fertilizer before 
planting.  
 
Soil samples were analyzed in the Ames trial plots in 2015. Using a probe, ten 
samples per location were collected in the top 30 cm of the soil at randomly selected 
areas, and samples for each trial were bulked, thoroughly mixed and submitted to 
the ISU Soil and Plant Analysis Laboratory at the Department of Agronomy to 
determine total N and carbon (C) content. At the per se high N trial, total N was 
0.39%, and total C was 6.30%, while at the hybrid high N trial total N was 0.35% and 
total C was 4.10%. The per se low N trial had 0.16% total N and 2.02% total C, while 
the hybrid low N has 0.17% total N and 2.09% total C in the first location and 0.17% 
total N and 2.00% total C in the second location. 
 
Field layout 
 
All trials were planted following randomized complete block design (RCBD), 
in two-row plots. Two ranges of filler were planted at the front and back, and four 
rows at the left and right sides of each trial. Each row was 5.64 m long, and the rows 
were spaced 0.76 m apart. Planting density was 65,323 plants/ha.  
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Agronomic trials 
 
Plant height (PHT) and grain yield (GY) were determined in all trials, while 
anthesis to silking interval (ASI) data were collected at the Ames trials. ASI was 
calculated using the difference in growing degree units (GDUs) between anthesis 
and silking times. Days to anthesis were recorded as the number of days from 
sowing to the day when 50% of the plants in the plot had anthers extruded outside 
the glumes. Days to silking were recorded as the number of days from sowing to the 
day when 50% of the plants in the plot had silks emerging from the ears. PHT in 
centimeters was taken from the ground surface to the topmost end of the central 
tassel spike. GY was harvested from 2-row plots using a harvesting combine, where 
weight and moisture content was measured. After moisture was adjusted to 15.5%, 
yield in tons/hectare was computed. 
 
Statistical analysis of field traits 
 
Analysis of variance (ANOVA) was done separately for the per se and 
testcross trials. For each trait, analysis was done using the following linear model: 
Yijkl =  µ + Ei + R(E)ij + Nl + ENil  + Gk  + EGik  + NGlk + ENGikl + εijkl 
 
Where: 
Yijkl = the observation in the kth genotype in the jth replication (rep) in the ith 
environment and lth N rate,  
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µ = the overall mean, 
Ei = the effect of the ith environment, 
R(E)ij = the effect of jth rep nested within the ith environment, 
Nl = the effect of the lth N rate, 
ENil = the interaction effect of the ith environment and lth N rate 
Gk = the effect of the kth genotype, 
EGik = the effect of the interaction of the ith environment with the kth genotype, 
NGlk = the effect of the interaction of the lth N rate with the kth genotype, 
ENGikl = the effect of the interaction of the ith environment and lth N rate with the 
kth genotype 
εijkl = the residual error. 
 
The procedure PROC MIXED from the software package SAS 9.3 (SAS 
Institute Inc., 2011) for the analysis of variance, where N rate was fixed, and other 
factors were random. For each N treatment, heritability was estimated on a “plot 
basis" (Holland et al., 2003). For each trait, variance component estimates were 
obtained from a mixed linear model fitted across all environments using PROC 
MIXED in SAS (SAS Institute Inc., 2011). Variance components (	', 	'× , 	) were 
estimated accordingly, where 	', 	'× , 	 correspond to genotypic variance, 
genotype by environment interaction variance, and error variance, respectively. 
Entry mean-based heritability was calculated from variance component estimates as 
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 = *

*+*×, -⁄ +, -⁄
 , where r is the number of replications within each 
environment, and n is the number of environments (Holland et al., 2003). 
 
For each N treatment, best linear unbiased predictions (BLUPs) across three 
environments were taken for all measurements, where environment, replication, 
and genotype were assigned as random effects. This was also implemented using 
PROC MIXED in SAS 9.3 (SAS Institute Inc., 2011). Correlations among phenotypic 
traits were calculated using PROC CORR function in SAS 9.3 (SAS Institute Inc., 
2011). 
 
Marker data 
 
The GEM-DH lines were genotyped using 955,690 genotyping-by-sequencing 
(GBS) markers (Elshire et al., 2011). GBS data were generated at the Cornell 
Institute for Genomic Diversity (IGD) laboratory. After filtering out markers with 
more than 25% missing data, below 2.5% minor allele frequency, and monomorphic 
markers, 247,775 markers were left for further analyses. For markers at the same 
genetic position (0 cM distance), only one marker was randomly selected. The final 
number of markers used for further analyses was 62,077 markers distributed across 
all 10 chromosomes. The average number of recombination events per line was 
substantially greater than expected. Therefore, the genotypic data were corrected 
for monomorphic markers that were located between flanking markers displaying 
donor parent genotypes. The correction was based on Bayes theorem, with an 
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underlying assumption that very short distances of a marker with recurrent parent 
(RP) genotype to flanking markers with donor genotype are more likely due to 
identity of marker alleles for that particular SNP between RP and donor, instead of a 
rare double recombination event. These short RP segments interspersed within 
donor segments were tested for the null hypothesis that a double recombination 
occurred, and were either corrected or kept as original genotype, accordingly, based 
on P-values from the Bayes theorem (Lipka et al., in preparation). After correction, 
the donor genome composition was closer to the expected 25%, compared to the 
original marker data, and the average number of recombination events was 
substantially reduced (Sanchez et al., in preparation). 
 
Principal component analysis, linkage disequilibrium, and genome-wide 
association studies 
 
Principal component analysis (PCA) was used to determine the number of 
subpopulations within the GEM-DH panel, and was computed using the R package 
GAPIT (Genome Association and Prediction Integrated Tool), developed by Lipka et 
al. (2012).  The most probable number of subpopulations was selected by plotting 
the number of PCAs (x-axis) against the variance explained by the PCA (y-axis). The 
optimum number of PCAs is determined when the decrease in variance has reached 
a plateau (i.e., increasing the number of PCs does not increase the variance 
explained). Linkage disequilibrium between SNP markers was calculated from 
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20,000 randomly selected SNP markers using the software TASSEL 5.0 (Bradbury et 
al., 2007). 
 
BLUPs of trait values for ASI, PHT, and GY for high and low N treatments, in 
the per se and testcross trials were used for genome-wide association studies 
(GWAS). In order to balance false-positives and false-negatives in detecting 
significantly-associated SNPs, three statistical models were implemented, namely: 
(1) General Linear Model (GLM) + PCA, where the PCA output from GAPIT was used 
as a covariate to account for fixed effects due to population structure; (2) Mixed 
Linear Model (MLM) (Yu et al., 2006), where PCA and kinship were used as 
covariates, and; (3) FarmCPU (Fixed and random model Circulating Probability 
Unification), where PCA and kinship were also used as covariates, but has additional 
algorithms to solve the confounding problems between testing markers and 
covariates (Liu et al., 2016). GWAS using the GLM+PCA model was conducted using 
the software TASSEL 5.0 (Bradbury et al., 2007). GWAS using MLM was conducted 
using R package GAPIT (Lipka et al., 2012), and the FarmCPU model was run using 
the R package FarmCPU (Liu et al., 2016). All R packages were run using R statistical 
software v. 3.1.2 (R Core team, 2014). 
 
Multiple testing in GWAS was accounted for using the statistical program 
simpleM (Johnson et al., 2010), implemented in R (R Core Team, 2014), which 
calculates the number of informative SNPs (Meff_G). First, a correlation matrix for all 
markers was constructed, and the corresponding eigenvalues for each SNP locus 
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were calculated. A composite LD (CLD) correlation was then calculated directly from 
the SNP genotypes using GAPIT (Lipka et al., 2012), and once this SNP matrix was 
obtained, Meff_G was calculated and this value was used to compute for the multiple 
testing threshold in the same way as the Bonferroni correction method, where the 
significance threshold ( = 0.05) was divided by the Meff_G ( $$_⁄ ). For this 
study, based on the   level of 0.05, the multiple testing threshold level was set at 
2.575 x 10-6. 
 
Results 
 
Field performance of DH lines under high and low nitrogen treatments 
 
Analysis of variance conducted across the three locations showed that 
genotype and N rate had significant interactions with environment for most traits. 
In the per se trial, there were significant environment x genotype and environment x 
N rate interactions that affect grain yield (GY) and plant height (PHT) (p=0.01), 
while there were no significant interaction effects for anthesis to silking interval 
(ASI). 
 
Based on these results, ANOVA was conducted for each environment 
separately, where N rate was considered a fixed factor, and replication and genotype 
were assigned as random factors. Table 5.1 shows the summary statistics of each 
trait from the per se trial for the three environments and across all three 
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environments.  Genotype and N rate as main factors were significant at p=0.01 in all 
environments.  Genotype x N rate interaction for GY was significant at p=0.01 in all 
environments, while genotype x N rate interactions for ASI and PHT were significant 
at p=0.05 in the Ames 2014 environment, and not significant at the Ames 2015 
environment. At Nashua 2015 Genotype x N rate interaction for PHT was not 
significant. 
 
On average, per se GY at low compared to high N decreased by 33.8% across 
all environments (Figure. 5.1a). For individual environments, the average reduction 
was 25.2% in Ames 2014, 56.7% in Ames 2015, and 28.6% in Nashua 2015. PHT 
also decreased under low N (Figure 5.1b).  There was a 12.1% average decrease in 
PHT in the per se trial under low N, compared to high N across all environments, and 
for individual environments, the average decrease in PHT was 11.1% in Ames 2014, 
20.4% in Ames 2015, and 5.00% in Nashua 2015. ASI increased under low N (Figure 
5.1c). The average increase in ASI across two environments was 16.2 GDUs. For 
individual environments, the average increase in ASI was 14.3 GDUs in Ames 2014, 
and 18.2 GDUs in Ames 2015.  
 
Across all locations, the best performing DH lines under low N were BGEM-
0137-S, BGEM-0044-S, BGEM-0127-N, and BGEM-0243-S with GY ranging from 
3.12-3.44 t/ha, and 52 of the GEM-DH lines performed better than PHB47.  On the 
other extreme, DH lines BGEM-0223-N, BGEM-0225-N, BGEM-0247-N, BGEM-0237-
N, BGEM-0165-S performed poorly with yields ranging from 1.19-1.30 t/ha. 
 Table 5.1. Summary statistics of agronomic traits in doubled haploids grown under different N conditionsa. 
Environment Trait Low N High N  ANOVA 
  Mean Max Min Std. 
Dev. 
H2 Mean Max Min Std. 
Dev. 
H2 Line NRate Line x 
NRate 
Ames 2014 ASI 25.00 85.45 -19.53 19.36 0.57 10.74 67.59 -25.08 15.45 0.51 ** ** * 
 PHT 197.27 240.33 159.90 16.25 0.75 222.04 272.04 158.60 20.36 0.82 ** ** * 
 GY 2.18 3.92 0.91 0.47 0.29 2.92 5.85 0.66 1.19 0.81 ** ** ** 
Ames 2015 ASI 37.85 83.06 11.73 12.34 0.28 19.62 106.78 14.84 18.36 0.61 ** ** ns 
 PHT 180.59 215.00 141.66 14.80 0.58 226.85 289.74 181.96 19.55 0.63 ** ** ns 
 GY 1.03 2.05 0.71 0.23 0.24 2.37 4.68 1.18 0.75 0.42 ** ** ** 
Nashua 2015 PHT 228.38 276.13 168.60 20.19 0.78 240.41 296.12 182.96 21.55 0.83 ** ** ns 
 GY 3.01 5.13 1.21 0.87 0.66 4.21 6.96 1.38 1.32 0.69 ** ** ** 
Overall ASI 31.44 99.34 -4.68 18.59 0.42 15.21 95.69 -16.97 17.46 0.30 ** ns ns 
 PHT 202.10 245.65 159.56 17.18 0.61 229.78 281.77 177.27 21.26 0.59 ** ns ns 
 GY 2.10 3.44 1.19 0.44 0.21 3.17 5.55 0.97 1.05 0.40 ** ns ** 
aASI=anthesis to silking interval (GDUs), PHT =plant height (cm), GY=grain yield (t/ha), H2=heritability; *significant at p=0.05; 
**significant at p=0.01; nsnot significant. 
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a. Grain yield  
 
 
 
 
 
b. Plant height 
 
Figure 5.1. Field traits of inbreds grown under high and low nitrogen conditions in three 
environments. 
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c. Anthesis to silking interval 
 
Figure 5.1 continued 
 
 
Among inbreds, close positive correlations were observed for plant height under 
high N (HN) and low N (LN) (r=0.91), and anthesis to silking interval under HN and 
LN (r=0.75) (Table 5.2). Close positive correlations were observed for grain yield 
under HN and LN (r=0.69). 
 
 Moderate negative correlations were observed between ASI under HN and 
GY under HN (r=-0.50), ASI under HN and GY under LN (r=-0.46), and ASI and GY 
under low N (r=-0.48).  There were no significant correlations between PHT and ASI  
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 Table 5.2. Correlation of agronomic traits in DH lines and testcrosses grown under different N conditions across 
environmentsa. 
 DH GY 
(HN) 
DH PHT 
(HN)  
DH ASI 
(HN)  
DH GY 
(LN)  
DH PHT 
(LN)  
DH ASI 
(LN)  
TC GY 
(HN)  
TC PHT 
(HN)  
TC ASI 
(HN)  
TC GY 
(LN)  
TC PHT 
(LN)  
TC ASI 
(LN)  
DH GY 
(HN) 
0.36** -0.50** 0.69** 0.29** -0.42** 0.11ns 0.14* -0.16* 0.17* 0.08ns -0.13ns 
DH PHT 
(HN) 
 -0.15* 0.14* 0.91** -0.04ns 0.14* 0.52** -0.07ns 0.15* 0.49** 0.01ns 
DH ASI 
(HN) 
  -0.46** -0.08ns 0.75** 0.00ns -0.05ns 0.28** -0.03ns 0.01ns 0.21** 
DH GY 
(LN) 
   0.18** -0.48** 0.03ns 0.05ns -0.17* 0.19** 0.03ns -0.22** 
DH PHT 
(LN) 
    0.03ns 0.12ns 0.52** -0.05ns 0.18** 0.52** 0.00ns 
DH ASI 
(LN) 
     0.03ns 0.06ns 0.26** 0.01ns 0.13ns 0.23** 
TC GY 
(HN) 
      0.43** -0.12ns 0.48** 0.40** -0.07ns 
TC PHT 
(HN) 
       -0.23** 0.49** 0.78** -0.14ns 
TC ASI 
(HN) 
        -0.11ns -0.11ns 0.43** 
TC GY 
(LN) 
         0.66** -0.27** 
TC PHT 
(LN) 
          -0.21** 
TC ASI 
(LN) 
a DH= doubled haploid, TC=testcross, HN=High nitrogen, LN=Low nitrogen, GY=Yield, PHT=Plant height, ASI=Anthesis to silking 
interval; *significant at p=0.05; **significant at p=0.01; nsnot significant.  
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Figure 5.2. Relationships between GEM-DH grain yield under low N and other agronomic 
traits.  
 
under LN, PHT under HN and ASI under low N, and PHT under LN and ASI under HN 
(Table 5.2).  The scatterplots in Figure 5.2 also show the relationships between 
grain yield under low N (per se and testcross) with other agronomic traits. 
 
Heritability was computed on a “plot basis.” In per se trials across 
environments, PHT had the highest heritability estimates with 0.59 and 0.61 under 
high N and low N, respectively. Under high N, GY had a heritability estimate of 0.40 
and ASI had 0.3. Under low N, GY was the lowest at 0.21 and ASI had a heritability 
estimate of 0.42. 
 
Because of significant genotype-by-environment interactions, heritability 
estimates were computed for individual environments (Table 5.1).  PHT consistently 
had the highest heritability estimates among all traits measured in both high and 
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low N treatments, with moderate to high estimates, ranging from 0.63 to 0.83 under 
high N, and between 0.58 to 0.78 under low N. GY under high N had moderate to 
high heritability estimates (0.42-0.81), and under low N, low to moderate estimates 
were observed (0.24-0.66).  Heritability estimates for ASI were moderate at HN 
(0.51 in Ames 2014, and 0.61 in Ames 2015) and moderate to low under low N (0.57 
in Ames 2014, and 0.28 in Ames 2015). 
 
Performance of testcrosses under high and low nitrogen treatments  
 
Similar to per se trials, analysis of variance conducted across the three 
environments showed that, for most traits, there were significant interactions 
between the environment and genotype, as well as environment and N rate. The 
testcross trials also showed significant environment x genotype and environment x 
N rate interactions for GY and PHT, but no significant interaction effects for ASI.   
Another notable observation was that genotype had no significant effect on grain 
yield in the multi-location model. 
 
Because genotype and N rate had significant interactions with environment, 
ANOVA was conducted for each environment separately, where N rate was 
considered a fixed factor, and replication and genotype were assigned as random 
factors (Table 5.3). Genotype effect was significant at p=0.01 for all traits, except GY 
in Nashua 2015. N rate was significant at p=0.01 for all traits in all environments. 
Line x N rate interaction was not significant for ASI in all environments, while it was 
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significant for PHT at p=0.05 in Ames 2015A and Ames 2015B, but not significant in 
Nashua 2015. Line x N rate interaction was significant at p=0.01 for GY in all 
environments. 
 
GY and PHT in testcrosses were reduced due to low N in all three 
environments (Figure 5.3a and 5.3b). The average testcross yield reduction due to 
low N was 44.5% across all three environments, 57.9% for Ames 2015A, 47.4% for 
Ames 2015B, and 25.4% in Nashua 2015. The decrease in plant height due to low N, 
was 17.7% across all three environments, 25.6% in Ames 2015A, 22.4% in Ames 
2015B, and 6.7% in Nashua 2015. Anthesis to silking interval increased due to low N 
(Figure 5.3c). Across the three locations, ASI increased by 20.0 GDUs across two 
environments, while it increased by 20.1 GDUs and 20.0 GDUs in Ames 2015A and 
Ames 2015B, respectively.  
 
Across testcrosses, PHB47/PHZ51, BGEM-0258-S/PHZ51, BGEM-0112-
2/PHZ51, BGEM-0070-S/PHZ51, BGEM-0115-S/PHZ51, and BGEM-0233-S/PHZ51 
performed best under low N with yields ranging from 6.17 to 6.37 t/ha average, 
while BGEM-0166-S/PHZ51, BGEM-0263-S/PHZ51, BGEM-0269-S/PHZ51, BGEM-
0078-S/PHZ51, BGEM-00129-N/PHB47 had the lowest yields, ranging from 3.95 to 
4.19 t/ha.  
 
 A close positive correlation was observed for plant height of testcrosses 
under high and low nitrogen treatments (r=0.78), and grain yield with PHT under  
 Table 5.3. Summary statistics of agronomic traits in testcrosses grown under different N conditionsa. 
Environment Trait Low N  High N ANOVA 
  Mean Max Min Std. 
Dev. 
H2 Mean Max Min Std. 
Dev. 
H2 Line NRate Line x 
NRate 
Ames 2015A ASI 19.91 43.29 10.05 6.35 0.24 -0.14 23.29 -11.25 5.00 0.04 ** ** ns 
 PHT 248.75 278.38 207.56 11.46 0.41 334.44 379.48 284.45 15.62 0.68 ** ** * 
 GY 3.48 4.68 2.35 0.39 0.30 8.27 12.00 3.98 1.43 0.62 ** ** ** 
Ames 2015B ASI 19.84 35.89 12.67 4.93 0.25 - - - - - ** ** ns 
 PHT 259.71 285.67 220.41 12.87 0.60 - - - - - ** ** * 
 GY 4.35 5.95 2.32 0.68 0.56 - - - - - ** ** ** 
Nashua 2015 PHT 297.44 322.20 248.66 12.07 0.72 318.69 346.89 266.96 12.91 0.58 ** ** ns 
 GY 8.29 8.86 7.72 0.19 0.09 11.11 16.11 6.39 1.14 0.37 ns ** ** 
Overall ASI 19.87 46.20 8.58 6.78 0.23 -0.14 23.17 -11.19 4.98 0.53 na na na 
 PHT 268.64 296.37 217.35 13.44 0.49 326.57 367.56 269.18 14.96 0.69 ** ns * 
 GY 5.37 6.37 3.95 0.47 0.49 8.28 11.75 4.93 1.15 0.52 ns ns ns 
aASI=anthesis to silking interval (GDUs), PHT =plant height (cm), GY=grain yield (t/ha), H2=heritability; *significant at 
p=0.05; **significant at p=0.01; nsnot significant. 
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a. Grain yield 
 
 
 
 
 
b. Plant height 
 
Figure 5.3. Field traits of testcrosses grown under high and low nitrogen conditions in three 
environments. 
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c. Anthesis to silking interval 
 
Figure 5.3 continued 
 
 
LN (r=0.66). Moderate correlations were observed for anthesis to silking interval 
under HN and LN (r=0.43), GY under HN and PHT under LN(r=0.40), GY under LN 
and GY under HN (r=0.48), GY LN and PHT HN (r=0.49), and GY HN and PHT HN 
(r=0.43).  Weak negative correlations were observed between ASI and PHT under 
HN (r=-0.23), as well as ASI and PHT under LN (r=-0.21), and ASI and GY under LN 
(r=-0.27).  Anthesis to silking interval under HN was not significantly correlated to 
these three traits: GY under HN, GY under LN, and PHT under LN.  There were also 
no significant correlations observed between ASI under low N and PHT under HN, as 
well as ASI under low N and GY under HN (Table 5.2). Relationships between 
A
n
th
e
si
s 
to
 s
il
k
in
g
 i
n
te
rv
a
l 
(G
D
U
C
) 
                  Ames 2015A                              Ames 201B           
Environment 
125
testcross grain yield under low N with other testcross agronomic traits can also be 
found in Figure 5.2. 
 
In the testcross trials across environments, heritability of PHT was highest at 
both high and low N, with 0.69 and 0.49, respectively. ASI was 0.53 at high N and 
0.23 at low N, and GY was lowest at 0.00 in high N and 0.17 under low N. The low 
heritability estimates for testcross yield can be explained by the genotype having no 
significant effect in the analysis of variance.  
 
In the testcross trial in the individual environments, heritability estimates of 
grain yield at HN were 0.62 at Ames 2015, and 0.37 at Nashua 2015. The low 
heritability estimates for yield in Nashua could be attributed to the non-significant 
effect of genotype on grain yield in the Nashua experiment. Heritability estimates of 
GY at LN were 0.30 for Ames 2015A, 0.56 at Ames 2015B, and 0.09 at Nashua 2015. 
For plant height, heritability estimates were 0.68 at Ames 2015, and 0.58 at Nashua 
2015 under HN, while under low N, heritability of PHT was 0.41 for Ames 2015A, 
0.60 at Ames 2015B, and 0.72 at Nashua 2015.  Heritability of ASI under HN was 
0.04 in Ames 2015, while ASI under LN was 0.24 in Ames 2015A, and 0.25 in Ames 
2015B. 
 
Most of the GEM-DH lines were BC1-derived and the average percentage of 
recurrent parent genotype (PHB47 or PHZ51) is 77.8%. The testcrosses were 
between DH lines with PHB47 background and PHZ51 as tester, and vice versa, and  
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a. High N, Ames 2015 
 
 
b. Low N, Ames 2015A 
 
 
Figure 5.4. Grain yield of testcrosses grown under (a). High N in Ames 2015, (b). Low N in 
Ames 2015A, and (c) Low N in Ames 2015B. 
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c. Low N, Ames 2015B 
 
 
Figure 5.4 continued 
 
these were compared with the check hybrids PHB47/PHZ51 and PHZ51/PHB47. 
There were very little genetic differences between the testcrosses and the checks. 
 
Testcrosses outperforming the GY of PHB47/PHZ51 were determined in the 
Ames environments. In both high N and low N treatments, there were testcrosses 
that were better than PHB47/PHZ51 (Figure 5.4), with BGEM-0112-S/PHZ51 
(((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-002)/PHZ51), 
BGEM-0155-S/PHZ51 (((PHB47/MISHCA ECU321)/PHB47 #004-(2n)-
001))/PHZ51), and BGEM-0226-S/PHZ51 ((((Semi dentado paulista - PAG I/PHB47 
B)/PHB47)-(2n)-002)/PHZ51)performing better than PHB47/PHZ51 in high N and 
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low N (Ames 2015B). The testcrosses BGEM-0001-N/PHB47, (((ALTIPLANO 
BOV903/PHZ51)/PHZ51 #002-(2n)-003)/PHB47), BGEM-0044-S/PHZ51 
((((Blanco Blandito - ECU 523/PHB47 B)/PHB47)-(2n)-001)/PHZ51), BGEM-0111-
S/PHZ51 (((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-
001)/PHZ51), BGEM-0114-S/PHZ51 (((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-
011-001-001-(2n)-004)/PHZ51), and BGEM-0115-S/PHZ51 (((B47/GORDO 
[CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-005)/PHZ51) performed 
consistently better than PHB47/PHZ51 under the two low N environments. 
 
Correlations between per se and testcross agronomic traits 
 
Between inbreds and testcrosses, weak positive correlations were observed 
for grain yield, for per se and hybrid under LN (r=0.19) (Figure 5.2), and GY of per se 
under HN and hybrid under LN (r=0.17). There were no significant correlations 
observed between per se grain yield under HN with the following testcross traits: GY 
under HN (r=0.11), PHT under LN (r=0.08), and ASI under LN (r=-0.13). Per se GY 
under LN was not significantly correlated with testcross PHT under HN (r=0.05) and 
LN (r=0.03) conditions, and testcross GY under HN (r=0.03) (Table 5.2).  
 
Correlations between grain yield and seedling root traits 
 
 Correlations between grain yield from the per se and testcross trials, under 
high and low N and seedling root traits in Chapter 4 were computed. Grain yield 
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under high N from the per se trial were significantly (P=0.05), positively, but weakly 
correlated  (r between 0.12 to 0.37) to seedling root traits, with total root surface 
area having the best correlation (r=0.37) with GY. Per se grain yield under low N 
was also  significantly (P=0.05) positively but weakly correlated (r between 0.17 to 
0.25) to seedling root traits, with total root surface area and total number of roots 
having the best correlation with GY .(both with r=0.25).  There were no significant 
correlations between testcross yield and seedling root traits. Only seedling roots of 
the DH lines, and not the testcrosses, were evaluated in Chapter 4. 
 
Principal component analysis 
 
Most GEM-DH lines clustered into two major groups (Figure 5.5). One cluster, 
which includes PHB47, contains mostly DH lines with PHB47 as recurrent parent. 
The other major group contains PHZ51 and mostly DH lines with PHZ51 
background.  Some GEM-DH lines were misgrouped (i.e., PHB47 background into 
the PHZ51 group, and vice versa).  Marker profiles of these misgrouped lines 
showed that they have high donor (exotic) parent proportion, with an average of 
around 50%, which was significantly higher than the average percent donor for the 
whole GEM-DH panel (18.9%).  Some of these misgrouped DH lines were F1-derived. 
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Figure 5.5. Principal component analysis of the DH and inbred lines used in the study, based 
on 62,077 genotyping-by-sequencing  (GBS) markers and 206 lines. 
 
 
Linkage disequilibrium 
 
 Linkage disequilibrium in the GEM-DH panel was calculated using a subset of 
20,000 randomly selected SNP markers, spanning all 10 chromosomes. The LD 
decay in the GEM-DH panel was slower than expected. The average LD decay of the 
lines in the Ames panel, particularly within stiff stalk and non-stiff stalk heterotic 
groups, as well as ex-PVPs, occurs within 10 kb (Pace et al., 2015, Romay et al., 
2013). However, in the GEM-DH panel, the LD threshold (r2 = 0.20) was not reached 
even after 100 Mb. Among individual chromosomes, LD decay was reached within 1 
Mb in Chromosomes 1 and 6, within 10 Mb in Chromosome 4, and within 100 Mb in 
Chromosome 5. The slow LD decay may be due to the high percentage of recurrent 
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parent genome in the GEM_DH lines. Because of the slow LD decay, LD was 
computed between significant SNPs and previously identified QTL and gene models 
associated with agronomic traits under high and low N that lie within the same 
chromosome.   
 
Genome-wide association studies for field traits 
 
Field traits under high and low nitrogen –ASI, PHT, and GY were used for 
genome-wide association studies. While all traits were used, caution must be 
practiced in declaring SNPs being significantly associated with the trait because of 
(1) low heritability estimates in some traits, and (2) significant genotype x 
environment interactions. PHT was a highly heritable trait in all N treatments and 
environments. ASI had moderate to low heritability estimates, while GY generally 
had moderate to low heritability estimates.  Significant genotype and environment 
interactions were observed; therefore, GWAS was done both across all three 
environments, and in each environment individually. 
 
Three statistical models were used to detect SNPs significantly associated 
with agronomic traits of GEM-DH lines grown under low nitrogen: general linear 
model with population structure (GLM+Q), Mixed linear model with population 
structure and kinship (MLM+Q+K), and Fixed and random model Circulating 
Probability Unification, with population structure as co-factor (FarmCPU+Q). The 
purpose of using three statistical models for GWAS was to remove false positives, 
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which is a limitation of GLM+Q, as well as recover false negatives brought about by 
the stringency of MLM+Q+K.  
 
 GWAS conducted for field traits from the per se trial across all the 
environments detected 88 significant SNPs, 73 of which were associated with ASI, 
six for PHT, and nine with GY (Table 5.4 and Figure 5.6).  For ASI under high N, 55 
SNPs were detected by GLM+Q and 7 SNPs were detected by FarmCPU+Q.  Under 
low N, four SNPs associated with ASI were detected using GLM+Q and seven using 
FarmCPU+Q. Two SNPs were found in both high N and low N treatments. The SNP 
S4_233119885 was detected to be significantly associated with ASI in both high 
(p=4.75E-14) and low N (5.06E-14) across locations using FarmCPU+Q. Allelic effect 
for ASI was 6.41 under high N, and 10.27 under low N. Likewise, the SNP 
S9_128786496 was also detected in both high N  (GLM+Q, p=7.30E-07) and low N 
(FarmCPU+Q, p=1.62E-06).  The allelic effects for ASI under high N were -6.61, and 
for ASI under low N was -4.06. GLM+Q and FarmCPU+Q detected the SNP 
S9_139869455 for ASI under high N across two environments, Ames 2014 and Ames 
2015. 
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Table 5.4. SNPs associated with adult traits in GEM-DH lines grown under high and low 
nitrogen conditions across environmentsa. 
Trait Nitrogen  
treatment 
SNP Chr Position  
(bp) 
P.value Model 
ASI Low N S1_45515811 1 45515811 1.12E-06 FarmCPU+Q 
ASI High N S1_48556782 1 48556782 1.49E-06 GLM+Q 
ASI Low N S1_53996436 1 53996436 1.56E-07 FarmCPU+Q 
ASI High N S1_183098193 1 183098193 3.54E-08 FarmCPU+Q 
ASI Low N S1_223770816 1 223770816 1.86E-07 GLM+Q 
ASI High N S1_228556953 1 228556953 1.25E-06 GLM+Q 
ASI Low N S1_232180629 1 232180629 1.41E-06 GLM+Q 
ASI Low N S1_232654344 1 232654344 1.00E-06 GLM+Q 
ASI Low N S1_258447900 1 258447900 2.49E-06 GLM+Q 
ASI High N S2_3410026 2 3410026 2.21E-06 GLM+Q 
ASI High N S2_180833104 2 180833104 1.33E-07 GLM+Q 
ASI High N S2_193189169 2 193189169 2.05E-06 GLM+Q 
ASI High N S2_198118297 2 198118297 1.06E-07 GLM+Q 
ASI High N S2_198153863 2 198153863 6.04E-08 GLM+Q 
ASI High N S2_198321726 2 198321726 1.05E-06 GLM+Q 
ASI High N S2_198408211 2 198408211 1.02E-06 GLM+Q 
ASI High N S2_199449733 2 199449733 1.47E-06 GLM+Q 
ASI High N S2_199457622 2 199457622 2.88E-07 GLM+Q 
ASI High N S2_202423040 2 202423040 3.52E-08 GLM+Q 
ASI High N S2_205926665 2 205926665 2.86E-07 GLM+Q 
ASI High N S2_207229871 2 207229871 4.06E-08 GLM+Q 
ASI High N S2_211475592 2 211475592 1.35E-06 FarmCPU+Q 
ASI High N S2_212135949 2 212135949 1.80E-06 GLM+Q 
ASI High N S2_212180453 2 212180453 2.38E-06 GLM+Q 
ASI High N S2_213196764 2 213196764 1.13E-06 GLM+Q 
ASI High N S2_213583495 2 213583495 1.21E-07 GLM+Q 
ASI High N S2_213808510 2 213808510 1.08E-06 GLM+Q 
ASI High N S2_214078185 2 214078185 2.11E-06 GLM+Q 
ASI High N S2_217011318 2 217011318 5.24E-07 GLM+Q 
ASI High N S2_217334808 2 217334808 4.87E-07 GLM+Q 
ASI High N S3_175690003 3 175690003 1.27E-06 GLM+Q 
ASI High N S3_180598198 3 180598198 1.52E-06 GLM+Q 
ASI High N S3_183255489 3 183255489 6.62E-07 GLM+Q 
ASI High N S3_184678023 3 184678023 1.18E-06 GLM+Q 
ASI High N S3_185179966 3 185179966 1.45E-06 GLM+Q 
ASI High N S3_185760109 3 185760109 1.52E-06 GLM+Q 
ASI High N S3_188555090 3 188555090 2.03E-06 GLM+Q 
ASI High N S3_208403455 3 208403455 9.17E-07 GLM+Q 
ASI High N S3_217240150 3 217240150 2.39E-07 GLM+Q 
ASI High N S3_219398807 3 219398807 1.71E-07 GLM+Q 
ASI High N S3_225579411 3 225579411 2.27E-06 FarmCPU+Q 
ASI Low N S4_78795118 4 78795118 2.25E-07 FarmCPU+Q 
ASI High N S4_171781085 4 171781085 1.61E-06 FarmCPU+Q 
ASI High N S4_233119885 4 233119885 4.75E-09 FarmCPU+Q 
ASI Low N S4_233119885 4 233119885 5.06E-14 FarmCPU+Q 
ASI High N S5_9952533 5 9952533 2.60E-07 GLM+Q 
ASI High N S5_13075688 5 13075688 3.84E-07 GLM+Q 
ASI High N S5_67182420 5 67182420 9.72E-07 FarmCPU+Q 
ASI High N S5_208641840 5 208641840 5.25E-07 GLM+Q 
ASI Low N S6_56609565 6 56609565 3.71E-12 FarmCPU+Q 
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Table 5.4 continued 
Trait Nitrogen  
treatment 
SNP Chr Position  
(bp) 
P.value Model 
ASI Low N S6_90549580 6 90549580 2.71E-09 FarmCPU+Q 
ASI High N S7_4077693 7 4077693 2.80E-09 GLM+Q 
ASI High N S7_170857974 7 170857974 5.66E-08 GLM+Q 
ASI High N S9_111100907 9 111100907 1.64E-06 GLM+Q 
ASI High N S9_113814944 9 113814944 1.20E-06 GLM+Q 
ASI High N S9_122518265 9 122518265 4.62E-07 GLM+Q 
ASI High N S9_122594000 9 122594000 2.42E-06 GLM+Q 
ASI High N S9_125494022 9 125494022 2.37E-06 GLM+Q 
ASI High N S9_125804894 9 125804894 5.64E-07 GLM+Q 
ASI High N S9_127203034 9 127203034 6.01E-07 GLM+Q 
ASI High N S9_128778482 9 128778482 1.33E-06 GLM+Q 
ASI High N S9_128786496 9 128786496 7.30E-07 GLM+Q 
ASI Low N S9_128786496 9 128786496 1.62E-06 FarmCPU+Q 
ASI High N S9_133903423 9 133903423 2.23E-07 GLM+Q 
ASI High N S9_139695773 9 139695773 2.89E-08 GLM+Q 
ASI High N S9_139869455 9 139869455 3.19E-08 GLM+Q 
ASI High N S9_139869455 9 139869455 6.23E-13 FarmCPU+Q 
ASI High N S9_139886300 9 139886300 1.78E-06 GLM+Q 
ASI High N S9_139886538 9 139886538 1.42E-06 GLM+Q 
ASI High N S9_139929934 9 139929934 1.36E-06 GLM+Q 
ASI High N S9_140219941 9 140219941 2.48E-06 GLM+Q 
ASI High N S9_140773680 9 140773680 1.04E-06 GLM+Q 
ASI High N S9_143866402 9 143866402 1.52E-06 GLM+Q 
PHT High N S1_227745717 1 227745717 2.21E-06 FarmCPU+Q 
PHT High N S3_140959825 3 149059825 1.56E-06 MLM+Q+K 
PHT High N S3_90976243 3 90976243 1.08E-06 GLM+Q 
PHT High N S3_90976243 3 90976243 3.83E-08 FarmCPU+Q 
PHT High N S3_218117329 3 218117329 1.24E-10 FarmCPU+Q 
PHT High N S5_191477890 5 191477890 6.89E-07 FarmCPU+Q 
GY High N S1_7314236 1 7314236 2.22E-06 FarmCPU+Q 
GY High N S1_201638265 1 201638265 1.86E-07 FarmCPU+Q 
GY Low N S2_109115559 2 109115559 4.45E-09 FarmCPU+Q 
GY High N S2_113094881 2 113094881 5.94E-09 FarmCPU+Q 
GY High N S3_16856909 3 16856909 5.94E-10 FarmCPU+Q 
GY High N S7_4902763 7 4902763 6.83E-09 FarmCPU+Q 
GY Low N S10_10614929 10 10614929 8.43E-07 FarmCPU+Q 
GY High N S10_121509343 10 121509343 1.26E-06 FarmCPU+Q 
GY Low N S10_136016978 10 136016978 9.20E-07 FarmCPU+Q 
aASI=anthesis to silking interval (GDUs), PHT =plant height (cm), GY=grain yield (t/ha).  
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Figure 5.6. Significant SNPs associated with agronomic traits in the per se trial across 
locations. N=nitrogen, ASI=anthesis to silking interval, PHT = plant height, GY=grain yield 
 
 Using data from NimbleGen microarrays from B73 (Sekhon et al., 2011), 
expression in the anthers and silks for ASI were investigated.  The SNP 
S4_233119885 was detected to be significantly associated with ASI in both high and  
low N across locations in per se trials using FarmCPU+Q. It is linked to the gene 
model GRMZM2G049839, which is located between 233658368-233664640 bp in 
Chromosome 4 (Schaeffer et al., 2011).   It codes for u Ubiquitin family domain 
containing protein. Absolute expression is 10055.19 in anthers, and 16400.23 in 
silks (Sekhon et al., 2011). 
 
The SNP S9_128786496, which was significantly associated with ASI under 
both high N and low N across environments from the per se trial, is within the gene 
model GRMZM2G448687, between 128763467- 128787236 bp in Chromosome 9 
(Schaeffer et al., 2011). It encodes for a putative aberrant pollen transmission 1, 
which is primarily expressed in the anthers; the absolute expression in the anthers 
was 3975.25 (Sekhon et al., 2011).     
 
      9 2 59 0 0 5 3 0 6 
Low N High N Low N High N Low N High N 
a. ASI b. PHT c. GY 
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For per se plant height under high N across locations, one SNP was detected 
by GLM+Q, one by MLM+Q+K, and four by FarmCPU+Q. None were found under the 
low N treatment.  The SNP S3_140959825 was detected using MLM+Q+K and was 
found to be significantly associated with plant height (p=1.56E-06) under high 
nitrogen in per se trials across locations.  Using data from NimbleGen microarrays 
from B73 (Sekhon et al., 2011), expression in the internodes for PHT were 
investigated to identify putative candidate genes.  The SNP S3_140959825, which 
was found to be significantly associated with plant height under high nitrogen in per 
se trials across locations, is linked to the gene model GRMZM2G041544 found 
between 140989509-140992150 bp in Chromosome 3 (Schaeffer et al., 2011). This 
gene model encodes for the enzyme wall associated kinase WAK111, which is an 
OsWAK receptor-like protein kinase in rice. The molecular functions of this enzyme 
include protein kinase activity, protein serine/threonine kinase activity, and ATP 
binding activity (Schaeffer et al., 2011). 
 
 For per se grain yield across locations, six SNPs were found to be significant 
under high N and three were significant under low N, all SNPs were detected using 
FarmCPU (Table 5.4, Figure 5.6). 
 
 Table 5.5 lists the SNP-trait associations that were detected in the GWAS 
conducted on a single environment basis for field traits in the per se trial. Some of 
these associations were consistently detected in both high and low N treatments. 
One SNP, S9_143338627, was found to be significantly associated with ASI under 
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both high N and low N in Ames 2015 using GLM. Allelic effects under high N were  -
26.88 GDU, while under low N they were  -33.15 GDU. There were also some  
associations that were detected by more than one statistical model.  Both 
FarmCPU+Q and GLM+Q detected four SNPs. The SNP S4_233119885 was detected 
in Ames 2014 (GLM+Q and FarmCPU+Q), and S4_237456633 in Ames 2015 (GLM+Q 
and FarmCPU+Q), for ASI under low N. GLM+Q and FarmCPU+Q detected the SNP 
S9_139869455 for ASI under high N across two environments, as well as in Ames  
2015.  For plant height, S3_90976243 was detected by GLM+Q and FarmCPU+Q for 
PHT under high N across three environments, and in Ames 2014.  The SNP 
S7_4077693 was significantly associated with ASI under HN in two environments, 
Ames 2014 and Ames 2015, using GLM. 
 
 There were 15 SNPs associated with field traits under low N that were 
detected by GWAS in the testcross trial (Table 5.6). Six SNP was associated with ASI 
(5 under high N and 1 under low N), four with PHT under low N, and five with GY 
under low N.  Table 5.7 lists the SNPs significantly associated with field traits in 
testcross lines GWAS on a single environment basis.  The SNP S8_174293785 was 
detected to be significantly associated with anthesis to silking interval under high N 
in Ames 2015 using GLM+Q and FarmCPU models. The SNP  S2_12245385 was both 
detected by FarmCPU + Q (p=1.88E-06) and MLM+Q+K  (p=2.43E-06) in the Ames 
2015A trial as significantly associated with ASI. The Manhattan plot for ASI in  
testcrosses grown under low N in Ames 2015A SNP S2_12245385, can be found in 
Figure 5.7. 
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Table 5.5. SNPs associated with agronomic traits in GEM-DH lines grown under different N 
conditions by environmenta. 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
ASI Low N Ames 2014 S1_15091277 1 15091277 1.34E-08 FarmCPU+Q 
ASI High N Ames 2015 S1_183098193 1 183098193 1.36E-07 GLM+Q 
ASI High N Ames 2014 S1_198474647 1 198474647 2.40E-06 GLM+Q 
ASI Low N Ames 2014 S1_199270212 1 199270212 1.87E-06 GLM+Q 
ASI High N Ames 2015 S1_206263754 1 206263754 1.70E-06 GLM+Q 
ASI Low N Ames 2015 S1_231480753 1 231480753 1.96E-07 FarmCPU+Q 
ASI Low N Ames 2015 S1_258447900 1 258447900 4.85E-07 GLM+Q 
ASI High N Ames 2014 S2_117954609 2 117954609 2.84E-09 FarmCPU+Q 
ASI High N Ames 2014 S2_124060021 2 124060021 2.49E-06 GLM+Q 
ASI High N Ames 2014 S2_152915379 2 152915379 8.16E-07 GLM+Q 
ASI High N Ames 2015 S2_180833104 2 180833104 1.34E-06 GLM+Q 
ASI High N Ames 2014 S2_190144925 2 190144925 1.98E-06 GLM+Q 
ASI High N Ames 2014 S2_190337458 2 190337458 2.05E-06 GLM+Q 
ASI High N Ames 2014 S2_193189169 2 193189169 7.31E-07 GLM+Q 
ASI High N Ames 2014 S2_196905804 2 196905804 2.24E-06 GLM+Q 
ASI High N Ames 2014 S2_198118297 2 198118297 2.60E-08 GLM+Q 
ASI High N Ames 2014 S2_198153863 2 198153863 1.38E-08 GLM+Q 
ASI High N Ames 2014 S2_198321726 2 198321726 7.88E-08 GLM+Q 
ASI High N Ames 2014 S2_199294739 2 199294739 1.93E-06 GLM+Q 
ASI High N Ames 2014 S2_200412539 2 200412539 5.46E-07 GLM+Q 
ASI High N Ames 2014 S2_202423040 2 202423040 1.58E-08 GLM+Q 
ASI High N Ames 2014 S2_202737025 2 202737025 1.11E-06 GLM+Q 
ASI High N Ames 2014 S2_207229871 2 207229871 2.42E-07 GLM+Q 
ASI High N Ames 2014 S2_212536183 2 212536183 8.86E-08 GLM+Q 
ASI High N Ames 2014 S2_213583495 2 213583495 8.80E-08 GLM+Q 
ASI High N Ames 2014 S2_217011318 2 217011318 1.23E-07 GLM+Q 
ASI High N Ames 2014 S2_217684934 2 217684934 2.07E-06 GLM+Q 
ASI High N Ames 2015 S3_10518358 3 10518358 7.50E-07 GLM+Q 
ASI High N Ames 2015 S3_183255489 3 183255489 2.23E-06 GLM+Q 
ASI High N Ames 2015 S3_184678023 3 184678023 2.39E-06 GLM+Q 
ASI High N Ames 2015 S3_188555090 3 188555090 5.67E-07 GLM+Q 
ASI High N Ames 2015 S3_204647228 3 204647228 1.58E-06 GLM+Q 
ASI High N Ames 2015 S3_208403455 3 208403455 2.07E-06 GLM+Q 
ASI High N Ames 2015 S3_217240150 3 217240150 6.68E-07 GLM+Q 
ASI High N Ames 2015 S3_217939332 3 217939332 4.73E-07 GLM+Q 
ASI High N Ames 2015 S3_219398807 3 219398807 6.13E-08 GLM+Q 
ASI Low N Ames 2014 S3_230690005 3 230690005 1.67E-06 FarmCPU+Q 
ASI High N Ames 2014 S4_26617369 4 26617369 9.36E-08 FarmCPU+Q 
ASI Low N Ames 2014 S4_78543972 4 78543972 7.65E-08 FarmCPU+Q 
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Table 5.5 continued 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
ASI High N Ames 2014 S4_158490152 4 158490152 1.15E-06 GLM+Q 
ASI High N Ames 2014 S4_158604941 4 158604941 3.97E-07 GLM+Q 
ASI High N Ames 2015 S4_175723646 4 175723646 7.18E-10 GLM+Q 
ASI Low N Ames 2014 S4_233119885 4 233119885 7.28E-12 FarmCPU+Q 
ASI Low N Ames 2014 S4_233119885 4 233119885 1.20E-06 GLM+Q 
ASI Low N Ames 2015 S4_235321091 4 235321091 2.46E-06 GLM+Q 
ASI Low N Ames 2015 S4_237455343 4 237455343 4.58E-07 GLM+Q 
ASI Low N Ames 2015 S4_237456633 4 237456633 1.98E-11 FarmCPU+Q 
ASI Low N Ames 2015 S4_237456633 4 237456633 2.24E-07 GLM+Q 
ASI High N Ames 2015 S5_9952533 5 9952533 2.18E-06 GLM+Q 
ASI High N Ames 2014 S5_208352636 5 208352636 1.25E-06 FarmCPU+Q 
ASI High N Ames 2014 S7_4077693 7 4077693 1.92E-07 GLM+Q 
ASI High N Ames 2015 S7_4077693 7 4077693 1.63E-07 GLM+Q 
ASI High N Ames 2015 S7_170857974 7 170857974 2.90E-07 GLM+Q 
ASI Low N Ames 2015 S8_171407151 8 171407151 2.27E-06 GLM+Q 
ASI Low N Ames 2014 S8_171805227 8 171805227 8.48E-11 FarmCPU+Q 
ASI High N Ames 2014 S9_113060103 9 113060103 2.76E-07 GLM+Q 
ASI High N Ames 2014 S9_113789665 9 113789665 1.99E-06 FarmCPU+Q 
ASI Low N Ames 2014 S9_126771659 9 126771659 7.11E-07 FarmCPU+Q 
ASI High N Ames 2014 S9_127203034 9 127203034 4.81E-07 GLM+Q 
ASI High N Ames 2014 S9_133903423 9 133903423 2.25E-06 GLM+Q 
ASI High N Ames 2014 S9_139111120 9 139111120 8.97E-11 FarmCPU+Q 
ASI High N Ames 2015 S9_139374979 9 139374979 9.32E-07 GLM+Q 
ASI High N Ames 2015 S9_139695773 9 139695773 3.54E-07 GLM+Q 
ASI High N Ames 2015 S9_139869455 9 139869455 4.62E-08 GLM+Q 
ASI High N Ames 2015 S9_139869455 9 139869455 2.33E-15 FarmCPU+Q 
ASI High N Ames 2015 S9_139886300 9 139886300 1.97E-06 GLM+Q 
ASI High N Ames 2015 S9_139886538 9 139886538 8.83E-07 GLM+Q 
ASI High N Ames 2015 S9_139929934 9 139929934 8.89E-07 GLM+Q 
ASI High N Ames 2015 S9_141788413 9 141788413 6.21E-07 GLM+Q 
ASI High N Ames 2015 S9_143338627 9 143338627 2.31E-06 GLM+Q 
ASI Low N Ames 2015 S9_143338627 9 143338627 2.19E-06 GLM+Q 
ASI Low N Ames 2015 S9_149381885 9 149381885 1.62E-09 FarmCPU+Q 
ASI Low N Ames 2015 S9_151732812 9 151732812 2.23E-07 FarmCPU+Q 
ASI High N Ames 2015 S10_4873507 10 4873507 1.89E-06 GLM+Q 
GY Low N Ames 2015 S1_60395774 1 60395774 7.34E-07 GLM+Q 
GY Low N Ames 2015 S2_897594 2 897594 2.57E-09 GLM+Q 
GY High N Ames 2015 S2_128507484 2 128507484 9.10E-08 GLM+Q 
GY Low N Ames 2015 S2_194561271 2 194561271 3.33E-08 GLM+Q 
GY Low N Nashua 2015 S2_211508153 2 211508153 1.03E-06 FarmCPU+Q 
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Table 5.5 continued 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
GY Low N Nashua 2015 S3_175553150 3 175553150 4.20E-08 FarmCPU+Q 
GY Low N Ames 2015 S4_135268843 4 135268843 2.63E-09 GLM+Q 
GY Low N Ames 2015 S4_161071544 4 161071544 2.04E-06 GLM+Q 
GY Low N Ames 2015 S4_185040102 4 185040102 9.49E-07 GLM+Q 
GY Low N Ames 2015 S4_189296133 4 189296133 1.29E-06 GLM+Q 
GY High N Ames 2015 S4_238297339 4 238297339 2.03E-06 GLM+Q 
GY Low N Ames 2015 S5_182247016 5 182247016 8.23E-07 GLM+Q 
GY Low N Ames 2015 S5_190233152 5 190233152 1.24E-07 GLM+Q 
GY Low N Nashua 2015 S6_53633062 6 53633062 1.99E-07 FarmCPU+Q 
GY High N Ames 2015 S6_102954342 6 102954342 1.62E-06 GLM+Q 
GY High N Ames 2015 S6_109664321 6 109664321 9.93E-09 GLM+Q 
GY Low N Nashua 2015 S7_15075729 7 15075729 1.88E-06 GLM+Q 
GY Low N Ames 2015 S8_2792585 8 2792585 3.21E-07 GLM+Q 
GY Low N Ames 2015 S9_15361165 9 15361165 2.52E-06 GLM+Q 
GY Low N Ames 2015 S9_20828900 9 20828900 1.84E-06 GLM+Q 
GY High N Ames 2015 S9_110367424 9 110367424 5.95E-08 GLM+Q 
GY Low N Ames 2015 S9_139766235 9 139766235 4.58E-08 GLM+Q 
GY Low N Nashua 2015 S10_125926899 10 125926899 1.31E-06 FarmCPU+Q 
GY Low N Nashua 2015 S10_148991985 10 148991985 2.48E-08 FarmCPU+Q 
PHT High N Ames 2015 S1_36915388 1 36915388 1.71E-06 GLM+Q 
PHT High N Ames 2014 S3_90976243 3 90976243 1.15E-06 GLM+Q 
PHT High N Ames 2014 S3_90976243 3 90976243 1.13E-06 FarmCPU+Q 
PHT High N Ames 2014 S3_218117329 3 218117329 2.22E-06 FarmCPU+Q 
PHT Low N Ames 2015 S5_85666131 5 85666131 1.93E-06 GLM+Q 
PHT High N Ames 2014 S6_161454751 6 161454751 1.41E-06 FarmCPU+Q 
PHT High N Ames 2014 S7_174511293 7 174511293 2.06E-06 FarmCPU+Q 
PHT Low N Nashua 2015 S8_171624834 8 171624834 2.39E-06 GLM+Q 
PHT High N Ames 2015 S8_174761003 8 174761003 1.18E-06 GLM+Q 
aASI=anthesis to silking interval (GDUs), GY=grain yield (t/ha), PHT=plant height (cm).  
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Table 5.6. SNPs associated with agronomic traits in GEM-DH testcrosses grown under high and 
low nitrogen treatments across environmentsa. 
Trait Nitrogen 
treatment 
SNP Chr Position (bp) P.value Effect Model 
ASI High N S3_88473209 3 88473209 1.47E-06 -16.95  GLM+Q 
ASI Low N S3_198992119 3 198992119 1.60E-06 1.83 FarmCPU+Q 
ASI High N S6_164286467 6 164286467 1.79E-06 -2.08 FarmCPU+Q 
ASI High N S8_123810657 8 123810657 2.55E-06 1.40 FarmCPU+Q 
ASI High N S8_173826848 8 173826848 5.73E-13 4.42 FarmCPU+Q 
ASI High N S9_124918686 9 124918686 3.40E-07 1.80 FarmCPU+Q 
PHT Low N S1_47370675 1 47370675 4.41E-07 2.72 FarmCPU+Q 
PHT Low N S3_30232071 3 30232071 2.05E-06 4.45 FarmCPU+Q 
PHT Low N S5_209867238 5 209867238 2.82E-07 -4.12 FarmCPU+Q 
PHT Low N S6_95471229 6 95471229 1.53E-06 -3.60 FarmCPU+Q 
GY Low N S3_211020551 3 211020551 2.54E-06 0.17 GLM+Q 
GY Low N S5_11487654 5 1487654 7.29E-08 -0.12 FarmCPU+Q 
GY Low N S5_133501858 5 133501858 1.38E-06 -0.59  GLM+Q 
GY Low N S5_140078625 5 140078625 1.35E-06 0.10 GLM+Q 
GY Low N S5_213178598 5 213178598 2.49E-07 -0.09 FarmCPU+Q 
aASI=anthesis to silking interval (GDUs), PHT=plant height (cm), GY=grain yield (t/ha). 
 
 
The SNP S2_12245385, which was found to be associated with ASI in 
testcrosses using MLM+Q+K and FarmCPU, was closely linked to the gene model 
GRMZM2G374203, which can be found between 12258649-12266380 bp in 
Chromosome 2 (Schaeffer et al., 2011). This gene models encodes for a putative 
disease resistance/zinc finger/chromosome condensation-like region protein. The 
absolute expression in the anthers is 95.57 and in the silks, 151.59 (Sekhon et al., 
2011).  The SNP S8_174293785 was detected to be significantly associated with 
anthesis to silking interval in the testcross trial under high N in Ames. This SNP is 
found within the gene model GRMZM2G149093, between 174291686- 174294351 
bp in Chromosome 8 (Schaeffer et al., 2011). It encodes for a putative lipase and the 
absolute gene expression in the anthers was 1156.63, and in the silks, the absolute 
gene expression was 133.95 (Sekhon et al., 2011).    
142
Table 5.7. SNPs associated with adult traits in GEM-DH testcrosses grown under different N 
conditions by environmenta. 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
ASI High N Ames 2015 S1_11949055 1 11949055 1.70E-06 FarmCPU+Q 
ASI High N Ames 2015 S1_28962551 1 28962551 1.72E-06 GLM+Q 
ASI High N Ames 2015 S1_216762571 1 216762571 2.20E-06 GLM+Q 
ASI High N Ames 2015 S1_227241744 1 227241744 1.56E-06 GLM+Q 
ASI High N Ames 2015 S1_229603348 1 229603348 6.51E-07 GLM+Q 
ASI High N Ames 2015 S1_282444311 1 282444311 1.16E-06 GLM+Q 
ASI High N Ames 2015 S1_284004664 1 284004664 8.29E-08 FarmCPU+Q 
ASI High N Ames 2015 S1_291926389 1 291926389 1.95E-06 GLM+Q 
ASI Low N Ames 2015A S1_296204411 1 296204411 2.08E-06 GLM+Q 
ASI High N Ames 2015 S2_9944883 2 9944883 1.10E-08 GLM+Q 
ASI High N Ames 2015 S2_12068405 2 12068405 1.26E-06 GLM+Q 
ASI Low N Ames 2015A S2_12245385 2 12245385 1.88E-06 FarmCPU+Q 
ASI Low N Ames 2015A S2_12245385 2 12245385 2.43E-06 MLM+Q+K 
ASI Low N Ames 2015A S2_14940618 2 14940618 1.47E-06 GLM+Q 
ASI Low N Ames 2015A S2_26383735 2 26383735 2.60E-08 FarmCPU+Q 
ASI High N Ames 2015 S3_1881088 3 1881088 1.95E-06 GLM+Q 
ASI High N Ames 2015 S3_154974554 3 154974554 7.61E-08 GLM+Q 
ASI High N Ames 2015 S3_156634869 3 156634869 1.68E-07 GLM+Q 
ASI High N Ames 2015 S3_173205767 3 173205767 7.53E-07 GLM+Q 
ASI High N Ames 2015 S3_178871302 3 178871302 2.21E-06 GLM+Q 
ASI High N Ames 2015 S3_182132114 3 182132114 1.67E-06 GLM+Q 
ASI High N Ames 2015 S3_183573800 3 183573800 1.90E-06 GLM+Q 
ASI Low N Ames 2015B S3_210418985 3 210418985 7.07E-11 FarmCPU+Q 
ASI High N Ames 2015 S3_212415275 3 212415275 5.15E-08 GLM+Q 
ASI Low N Ames 2015B S3_221566062 3 221566062 6.96E-07 FarmCPU+Q 
ASI High N Ames 2015 S3_223996101 3 223996101 1.43E-06 FarmCPU+Q 
ASI High N Ames 2015 S4_31243349 4 31243349 4.41E-08 GLM+Q 
ASI High N Ames 2015 S4_31515055 4 31515055 1.48E-07 GLM+Q 
ASI High N Ames 2015 S4_42557494 4 42557494 7.04E-07 GLM+Q 
ASI High N Ames 2015 S4_65824592 4 65824592 1.48E-06 GLM+Q 
ASI High N Ames 2015 S4_66157642 4 66157642 9.25E-08 GLM+Q 
ASI High N Ames 2015 S4_71211488 4 71211488 1.40E-06 GLM+Q 
ASI Low N Ames 2015B S4_236367213 4 236367213 1.90E-07 FarmCPU+Q 
ASI High N Ames 2015 S5_2762846 5 2762846 1.94E-07 FarmCPU+Q 
ASI Low N Ames 2015A S5_213057652 5 213057652 8.20E-08 FarmCPU+Q 
ASI Low N Ames 2015B S6_8416824 6 8416824 2.02E-09 FarmCPU+Q 
ASI High N Ames 2015 S7_165295623 7 165295623 8.64E-07 GLM+Q 
ASI High N Ames 2015 S7_168289827 7 168289827 2.44E-06 GLM+Q 
ASI High N Ames 2015 S8_174288469 8 174288469 5.30E-07 GLM+Q 
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Table 5.7 continued 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
ASI High N Ames 2015 S8_174293785 8 174293785 6.02E-08 FarmCPU+Q 
ASI High N Ames 2015 S8_174293785 8 174293785 2.82E-07 GLM+Q 
ASI High N Ames 2015 S8_175187729 8 175187729 2.00E-06 GLM+Q 
GY Low N Ames 2015B S1_113953474 1 113953474 4.85E-07 FarmCPU+Q 
GY Low N Ames 2015B S1_294097769 1 294097769 1.59E-09 FarmCPU+Q 
GY High N Ames 2015 S2_122146371 2 122146371 6.85E-07 FarmCPU+Q 
GY High N Nashua 2015 S2_132080912 2 132080912 6.21E-08 FarmCPU+Q 
GY High N Nashua 2015 S2_205904664 2 205904664 1.93E-06 FarmCPU+Q 
GY High N Nashua 2015 S3_26080521 3 26080521 6.60E-09 GLM+Q 
GY High N Nashua 2015 S3_31898366 3 31898366 1.37E-06 GLM+Q 
GY High N Nashua 2015 S3_40063748 3 40063748 3.17E-07 GLM+Q 
GY High N Nashua 2015 S3_40323100 3 40323100 6.90E-07 GLM+Q 
GY High N Nashua 2015 S3_42889580 3 42889580 3.16E-07 GLM+Q 
GY High N Nashua 2015 S3_42895753 3 42895753 2.12E-06 GLM+Q 
GY High N Nashua 2015 S3_113896540 3 113896540 1.89E-07 GLM+Q 
GY High N Nashua 2015 S3_123263992 3 123263992 7.76E-08 GLM+Q 
GY High N Nashua 2015 S3_123267175 3 123267175 2.18E-06 GLM+Q 
GY High N Nashua 2015 S3_132840594 3 132840594 9.70E-08 GLM+Q 
GY High N Nashua 2015 S3_156058903 3 156058903 8.98E-09 GLM+Q 
GY Low N Ames 2015B S3_211719003 3 211719003 1.11E-06 FarmCPU+Q 
GY High N Nashua 2015 S5_22024016 5 22024016 1.12E-08 FarmCPU+Q 
GY High N Ames 2015 S6_2383277 6 2383277 2.02E-06 FarmCPU+Q 
GY High N Nashua 2015 S7_111733982 7 111733982 1.71E-06 FarmCPU+Q 
GY High N Nashua 2015 S7_153450392 7 153450392 3.51E-07 GLM+Q 
GY High N Nashua 2015 S7_156503161 7 156503161 4.22E-07 FarmCPU+Q 
GY High N Nashua 2015 S7_160061042 7 160061042 2.50E-08 FarmCPU+Q 
GY High N Nashua 2015 S7_162958922 7 162958922 2.02E-06 GLM+Q 
GY High N Nashua 2015 S7_165202437 7 165202437 5.36E-07 GLM+Q 
GY High N Nashua 2015 S8_12848345 8 12848345 6.15E-07 GLM+Q 
GY High N Nashua 2015 S8_26872587 8 26872587 1.18E-06 GLM+Q 
GY High N Ames 2015 S8_163890871 8 163890871 6.68E-07 FarmCPU+Q 
GY High N Nashua 2015 S8_171810670 8 171810670 2.27E-06 FarmCPU+Q 
GY High N Nashua 2015 S9_149062463 9 149062463 8.63E-12 FarmCPU+Q 
GY Low N Ames 2015B S9_150243548 9 150243548 1.78E-06 FarmCPU+Q 
PHT Low N Ames 2015A S1_187436342 1 187436342 2.86E-07 FarmCPU+Q 
PHT Low N Ames 2015A S1_245789140 1 245789140 1.45E-06 FarmCPU+Q 
PHT Low N Ames 2015A S1_282527333 1 282527333 2.16E-06 FarmCPU+Q 
PHT Low N Nashua 2015 S2_50808841 2 50808841 1.98E-07 FarmCPU+Q 
PHT Low N Ames 2015A S2_127266757 2 127266757 1.57E-10 FarmCPU+Q 
PHT Low N Nashua 2015 S2_209542801 2 209542801 9.57E-08 FarmCPU+Q 
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Table 5.7 continued 
Trait 
Nitrogen 
treatment 
Environment SNP Chr 
Position 
(bp) 
P.value Model 
PHT Low N Nashua 2015 S5_18521608 5 18521608 2.40E-07 FarmCPU+Q 
PHT Low N Nashua 2015 S7_132922333 7 132922333 1.08E-06 GLM+Q 
PHT Low N Nashua 2015 S7_132922862 7 132922862 1.09E-06 GLM+Q 
PHT Low N Nashua 2015 S7_133047522 7 133047522 1.06E-06 GLM+Q 
PHT Low N Nashua 2015 S7_133048399 7 133048399 7.85E-07 GLM+Q 
PHT Low N Ames 2015A S8_171150681 8 171150681 1.41E-07 GLM+Q 
PHT Low N Ames 2015A S8_171744894 8 171744894 1.27E-07 GLM+Q 
PHT Low N Ames 2015A S8_172674841 8 172674841 1.04E-12 FarmCPU+Q 
PHT Low N Ames 2015A S8_173041349 8 173041349 1.09E-06 GLM+Q 
PHT Low N Ames 2015A S9_127649281 9 127649281 5.89E-07 FarmCPU+Q 
PHT Low N Ames 2015A S9_138754981 9 138754981 6.88E-09 FarmCPU+Q 
PHT Low N Ames 2015A S9_143336151 9 143336151 1.15E-07 FarmCPU+Q 
PHT Low N Nashua 2015 S10_131793939 10 131793939 7.21E-07 FarmCPU+Q 
aASI=anthesis to silking interval (GDUs), GY=grain yield (t/ha), PHT=plant height (cm). 
 
 Possible candidate genes for GY were investigated using seed expression 
data from NimbleGen microarrays from B73 (Sekhon et al., 2011). Some of the 
significant SNPs were found to be within QTLs associated with testcross grain yield 
under low N. The SNP S9_150243548, associated with grain yield under low N in 
Ames 2015B, is within the QTL cnh1, which is between 149898376- 150407039 bp 
in Chromosome 9. It encodes for a carbon-nitrogen hydrolase homolog1 (Guo et al., 
2003). 
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Figure 5.7.  Manhattan plot of GWAS using MLM+Q+K. SNP-trait association is on anthesis to 
silking interval in testcrosses grown under low N in Ames 2015A. Significance threshold was 
set at p<2.58 x 10-6. 
 
Discussion 
 
Because heritability estimates for yield were low to moderate, significant and 
close correlations between yield and highly heritable traits are useful for indirect 
selection, using the highly heritable traits such as plant height and anthesis to 
silking interval to select for yield. Correlations between yield under high and low N 
are also useful, because heritability estimates for yield tend to decrease under low 
N. In this study, the average decrease in heritability from high N to low N was 37.1% 
in the per se trial, and 45% in the testcross trial. Bänziger et al. (1997) reported and 
average decrease of 22% for grain yield heritability in the low N treatments, and 
this is due to the lower genotypic variances under low N.  
 
In the per se trials, there were close positive correlations for plant height 
under high and low N, anthesis to silking interval under high and low N, and strong 
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positive correlations for grain yield under high and low N. Anthesis to silking 
interval were generally negatively correlated with grain yield. 
 
In the testcross trials, close positive correlations were observed for plant 
height of testcrosses under high and low nitrogen treatments, and grain yield under 
low N and plant height under low N.  Moderate correlations were observed for 
anthesis to silking interval under high and low N, grain yield under high N and 
plantn height under low N, GY under LN and GY under HN, GY LN and PHT HN and 
GY HN and PHT under HN. ASI was weakly correlated to plant height and yield, as 
shown in ASI and PHT under HN, ASI and PHT under LN, and ASI and GY under LN.  
 
In terms of correlation between traits in inbreds and testcrosses, there were 
moderate positive correlations were observed for plant height in inbreds and 
hybrids under HN, per se plant height under LN and testcross plant height under HN, 
per se PHT LN and testcross PHT LN, per se PHT HN and testcross PHT under LN. 
Weak positive correlations were observed for grain yield, for per se and hybrid 
under LN with, and GY of per se under HN and hybrid under LN. Because there are 
strong correlations between high and low N phenotypes of the same trait, 
performance under high N may be useful for predicting performance under low N. 
For grain yield, Bänziger et al. (1997) found generally positive genetic correlations 
between grain yield under high and low N conditions.  
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 Correlation analyses between grain yield from the per se and testcross trials, 
under high and low N and seedling root traits in Chapter 4 showed that GY under 
high N from the per se trial were significantly (P=0.05), positively, but weakly 
correlated  (r between 0.12 to 0.37) to seedling root traits, with total root surface 
area having the best correlation (r=0.37) with GY. Per se grain yield under low N 
was also significantly (P=0,05), positively but weakly correlated (r between 0.17 to 
0.25) to seedling root traits, with total root surface area and total number of roots 
having the best correlation with GY (both with r=0.25).  Abdel-Ghani et al. (2012) 
reported significant and positive correlations between seedling secondary root 
length and GY under low and high N (r = 0.24 and 0.36, respectively), as well as 
seedling root dry weight and GY under high N (r=0.23). The results of this study 
were comparable, where correlations between seedling secondary root length and 
GY under low and high N were also significantly (P=0.05) and positively correlated 
(r=0.22 and 0.27, respectively), and correlations between seedling root dry weight 
and GY under high N was likewise significantly (P=0.05) and positively correlated 
(r=0.32).  No significant interactions were observed between testcross yield and 
seedling root traits, because seedling root phenotyping was done in the DH lines, 
and not the testcrosses. 
 
Heritability of plant height is moderate to high, while that of anthesis to 
silking interval were moderate to low. Grain yield heritability is generally moderate 
to low, especially for testcrosses in Nashua, where the heritability under high N was 
0.0%. Analysis of variance across locations, and the Nashua experiments showed 
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that the effect of genotype was not significant, and because there is small genetic 
variance, heritability estimates were also very low.  The low heritability estimates 
could be due to the very little genetic differences between the testcrosses and the 
checks PHB47/PHZ51 and PHZ51/PHB47. Most of the GEM-DH lines were BC1-
derived and the average percentage of recurrent parent genotype (PHB47 or 
PHZ51) is 77.8%. The testcrosses were between DH lines with PHB47 background 
and PHZ51 as tester, and vice versa, and these were compared with the check 
hybrids.  
 
 Hybrids that were superior to PHB47/PHZ51 were found in the testcross 
level, in the Ames 2015A and 2015B environments. PHB47/PHZ51 was surpassed 
by GEM-DH testcrosses in both high N and low N treatments. BGEM-0112-S/PHZ51 
(((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-002)/PHZ51), 
BGEM-0155-S/PHZ51 (((PHB47/MISHCA ECU321)/PHB47 #004-(2n)-
001))/PHZ51), and BGEM-0226-S/PHZ51 ((((Semi dentado paulista - PAG I/PHB47 
B)/PHB47)-(2n)-002)/PHZ51)performed better than PHB47/PHZ51 in high N and 
low N (Ames 2015B), while testcrosses BGEM-0001-N/PHB47, (((ALTIPLANO 
BOV903/PHZ51)/PHZ51 #002-(2n)-003)/PHB47), BGEM-0044-S/PHZ51 
((((Blanco Blandito - ECU 523/PHB47  B)/PHB47)-(2n)-001)/PHZ51), BGEM-0111-
S/PHZ51 (((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-
001)/PHZ51), BGEM-0114-S/PHZ51 (((B47/GORDO [CHH131]{CIMYT})-B-B-SIB-
011-001-001-(2n)-004)/PHZ51), and BGEM-0115-S/PHZ51 (((B47/GORDO 
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[CHH131]{CIMYT})-B-B-SIB-011-001-001-(2n)-005)/PHZ51) performed 
consistently better than PHB47/PHZ51 under the two low N environments.  
 
The best performing testcrosses were comparable to the national (U.S) and 
Iowa average yield of maize for grain production in 2015, which were 11.32 t/ha 
and 12.91 t/ha, respectively (NASS, USDA, 2016). Across all locations, the best-
yielding hybrid was 11.75 t/ha. 
 
The testcrosses with Gordo as the donor parent contained donor parent 
introgression in the region where a significant SNP for grain yield under low N, 
S9_150243548, was detected. The introgression was also within region where the 
QTL cnh1, between 149898376- 150407039 bp in Chromosome 9, (Guo et al., 2003) 
is located. Because most of the best performing testcrosses had a common donor 
parent, Gordo, it is then suggested to use Gordo or Gordo-derived DH lines for 
further studies on NUE, or developing lines with improved NUE. 
 
 SNPs that were consistently significant with traits under high and low N were 
identified.  In the per se trial, SNP markers S4_233119885, S9_128786496, and 
S9_143338627 were significantly associated with ASI under high and low N 
conditions. There were also some associations that were detected by more than one 
statistical model.  SNP S4_233119885 was detected in Ames 2014 (GLM+Q and 
FarmCPU+Q), and S4_237456633 in Ames 2015 (GLM+Q and FarmCPU+Q), for ASI 
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under low N. GLM+Q and FarmCPU+Q detected the SNP S9_139869455 for ASI under 
high N across two environments, as well as in Ames 2015.  
 
In the testcross trial, SNPs associated with a particular trait were detected by 
more than one statistical model. SNP S8_174293785 was detected to be significantly 
associated with anthesis to silking interval under high N in Ames 2015 using GLM+Q 
and FarmCPU models. The SNP S2_12245385 was both detected by FarmCPU + Q 
and MLM+Q+K in the Ames 2015A trial as significantly associated with ASI.  There 
were no SNPs in common between per se and testcross trials. 
 
A SNP marker was found to be within a QTL associated with grain yield 
under low N.  S9_150243548, which was associated with grain yield under low N in 
Ames 2015B, is within the QTL cnh1, between 149898376- 150407039 bp in 
Chromosome 9, which encodes for a carbon-nitrogen hydrolase homolog1 (Guo et 
al., 2003). Some significant SNPs were within or linked to gene models that encode 
for expressed genes, based on B73 expression data (Sekhon et al, 2011).  This SNP 
may be a good candidate to further NUE studies. 
 
The candidate SNPs detected made sense in terms of NUE, as these comprise 
some of the traits that may be associated with NUE (e.g., anthesis-silking interval, 
prolificacy) (Gallais and Coque, 2005). Other traits that are associated with NUE 
were nitrogen nutrition index, leaf area duration, nitrogen harvest index, root 
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system and efficiency, and N-metabolism enzymatic traits, and these were not 
covered in this study. 
 
Conclusions 
 
This study aimed to determine the extent of variation of agronomic traits of 
the GEM-DH panel grown under high and low nitrogen conditions, find associations 
between SNP markers and agronomic traits grown under high and low N, determine 
consistency of SNPs between per se and testcross trials, and investigate associated 
SNP markers for candidate genes responsible for agronomic traits under high and 
low N. Variation in agronomic traits were found in the per se level, and traits in the 
testcross level except for grain yield in Nashua; as a consequence, heritability 
estimates were low for testcross yield in that environment. SNPs associated with 
anthesis to silking interval, plant height, and grain yield under high and low nitrogen 
levels were identified, while some of these gene models have not yet been identified 
as known genes, these could be novel genes that could be useful for improving NUE 
in maize.   
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CHAPTER SIX 
 
GENERAL CONCLUSIONS 
 
 Improving the nitrogen use efficiency in maize is one of the approaches to 
reduce N losses to the environment, as well as improve productivity in nutrient-
depleted areas. We used doubled haploid lines derived from exotic landraces from 
the Germplasm Improvement of Maize program, backcrossed with ex-PVP inbreds 
PHB47 and PHZ51. Root system architecture traits at seedling traits, and agronomic 
traits of the GEM-DH lines grown under high and low nitrogen conditions were 
investigated, and SNPs associated with these traits were identified.  We have looked 
into seedling root traits because of the root system’s major role in the water and 
nutrient acquisition important for the plant’s survival and growth.  
 
 In Chapter 2, we compared two marker systems based on single nucleotide 
polymorphisms, genotyping by sequencing and SNP chip, in the molecular 
characterization of GEM-DH lines. The marker systems were compared in terms of 
parental donor composition, marker distribution across linkage groups, and 
population structure.  Initial results showed an unusually high recurrent parent 
percentage and recombination events, therefore monomorphic marker correction 
was done using Bayes’ theorem, with an underlying assumption that the short 
recurrent parent segments are monomorphic markers instead of arising from 
double recombination events. After the correction, average %RP decreased to 
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77.78% for GBS and 76.9% for SNP chip markers, closer to the expected %RP of 
75%. Pearson correlation was calculated for %RP, and found close correlation (r= 
0.92) between the two marker systems. Population structure revealed that the GEM-
DH lines were grouped into two main groups, which were consistent with the 
established heterotic groups. GBS and SNP chip markers differed in their 
distribution across linkage groups. GBS markers were more evenly distributed 
compared to SNP chip markers. Both marker systems were similar in terms of 
molecular profiling of GEM-DH lines. Because GBS markers were more 
advantageous in terms of distribution, they were used in the subsequent genome-
wide association studies. 
 
 Chapter 3 describes a high-throughput procedure for phenotyping seedling 
roots. This procedure was then applied to phenotyping the GEM-DH lines in chapter 
4. The fourth chapter aimed to investigate the extent of variation between seedling 
roots in maize, as well as identify SNPs that were significantly associated with 
seedling root traits. There was variation in seedling root traits, and SNPs associated 
with these root traits were identified. While there were SNPs that were in linkage 
disequilibrium with known genes responsible for root development, some were not 
yet characterized as genes, and may be used as novel sources of alleles for root 
system architecture traits. 
 
For Chapter 5, GEM-DH lines and their testcrosses were grown under high 
and low N in three environments. This study aimed to determine the extent of 
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variation of agronomic traits of the GEM-DH panel grown under high and low 
nitrogen conditions, identify associations between SNP markers and agronomic 
traits grown under high and low N, determine consistency of SNPs between per se 
and testcross trials, and investigate associated SNP markers for candidate genes 
responsible for agronomic traits under high and low N. There was a considerable 
variation in agronomic traits in the per se level, and most traits in the testcross level 
except for grain yield in Nashua; therefore, in the Nashua trials, heritability 
estimates were low for testcross yield in that environment. We were able to identify 
SNPs associated with anthesis to silking interval, plant height, and grain yield under 
high and low nitrogen levels.  Some of the SNPs were linked to or in LD with known 
genes, while some of these gene models have not yet been identified as known 
genes, these could be novel genes that could be useful for improving NUE in maize.   
 
The studies in this dissertation were aimed to identify novel alleles from the 
GEM-DH panel, which are responsible for improved nitrogen use efficiency in maize. 
There were candidate SNPs that were identified to be associated with seedling root 
system architecture and adult agronomic traits under high and low N conditions. 
Weak positive correlations were found between seedling root traits and per se yield 
under high and low nitrogen conditions. Since there is a difference between the 
growing conditions in the growth chamber for the root experiment, and the field 
conditions in the yield trials, correlation between the traits from these two 
experiments need to be validated. It would be recommended, for future studies, to 
phenotype roots in the field in order to confirm if the SNPs identified in the growth 
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chamber experiment would have consistency with the ones identified in the field. It 
is also further recommended to look into other traits, such as harvest index, grain 
protein content under high and low N to better identify donors to improve NUE in 
maize.  
 
